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This study investigates the performance of lipase B from Candida antarctica (CALB) 
immobilized on magnetic Fe3O4 nanoparticles (MNs) for the enantioselective esterification of 
racemic ibuprofen. The nanoparticles were synthesized by co-precipitation and subsequently 
functionalized with γ-aminopropyltriethoxysilane (APTS) and glutaraldehyde (GLU) to provide 
reactive aldehyde groups for enzyme attachment. CALB was covalently immobilized onto the 
activated support, and the resulting biocatalyst was characterized by X-ray diffraction (XRD) 
and Fourier-transform infrared spectroscopy (FTIR), confirming successful functionalization 
and enzyme immobilization. The effects of stirring speed (20-250 rpm), enzyme loading  
(50‑650 U p-nitrophenyl butyrate (p-NPB) g–1), contact time (0.5-5 h), glutaraldehyde concentration 
(2.5-25%), and sodium dodecyl sulfate (SDS, 0.23%) addition were systematically evaluated. The 
optimal immobilization conditions (45 rpm, 25 °C, pH 7.0, and 1 h of contact with an enzyme 
load of 80 U p-NPB g–1) yielded an immobilization efficiency of 53% and an immobilized enzyme 
activity of 29.1 U g–1. The MNs-CALB derivative exhibited excellent thermal stability (20-fold 
higher half-life than the soluble enzyme) and was successfully applied in the esterification of 
racemic ibuprofen with 1-propanol in cyclohexane, preferentially producing the (R)-(−)-ibuprofen 
propyl ester. Molecular docking simulations supported these results by demonstrating favorable 
interactions between the (R)-enantiomer and CALB’s catalytic triad (Ser105-His224-Asp187). 
These findings highlight the potential of magnetically recoverable nanobiocatalysts as efficient, 
stable, and enantioselective systems for green and sustainable synthesis of chiral pharmaceuticals.
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Introduction

Lipases produced by Candida sp. are well-established 
enzymes for biocatalysis, especially lipase B from 
Candida antarctica (CALB).1 CALB has been studied for 
potential applications in the food, detergent, pharmaceutical, 
textile, cosmetic, paper, and oleochemical industries.2,3 
These applications are possible due to the wide range of 
specificity for substrates, high activity under mild reaction 
conditions, stability against organic solvents, high thermal 
and pH stability, and stereospecificity of lipases.4,5

Unlike other lipases, CALB has a relatively short and 
rigid ‘lid’ region that partially covers the active site but 
does not exhibit the typical interfacial activation behavior, 
remaining catalytically active in homogeneous solutions. 
Recent studies have shown that structural modifications in 
the lid region directly influence the selectivity and efficiency 
of the enzyme. For example, specific mutations in the lid 
have shown potential to improve the selective acylation of 
amino acids such as lysine, highlighting the importance 
of this region in the interaction with chiral substrates.6,7 
Moreover, molecular dynamics analyses indicate that 
factors such as temperature, pH, and solvent can modulate 
the flexibility of the lid, impacting the accessibility of the 
active site and, consequently, enzymatic activity.4-6

The immobilization of enzymes on magnetic supports, 
especially on magnetic nanoparticles (MNs), has gained 
prominence in recent years due to the various advantages 
it offers for the development of reusable and highly 
stable biocatalysts. MNs are generally composed of 
iron oxides (such as Fe3O4) and can be functionalized 
with various chemical groups (e.g., amine, carboxyl, 
aldehyde) that enable stable binding with the enzyme. 
The advantages of immobilization on magnetic supports 
include easy magnetic separation, enabling rapid 
recovery of the enzyme after the reaction; reuse of the 
biocatalyst, which reduces operational costs; improved 
thermal and operational stability of the enzyme; and 
greater control over the orientation and immobilization 
density.6,7 Moreover, magnetic nanoparticles exhibit 
the phenomenon of superparamagnetism (i.e., they do 
not retain magnetization after removal of the magnetic 
field), offering the advantage of a reduced risk of particle 
aggregation.8 Another advantage is the high surface 
area that nanoparticles offer through a large surface-to-
volume ratio, allowing for greater enzyme loading and 
facilitating the interaction between the enzyme and the 
substrate, which can enhance catalytic efficiency. Another 
positive aspect is the improvement in enzyme stability, 
since immobilization on nanoparticles can increase 
both the thermal and operational stability of enzymes, 

making them more resistant to variations in temperature 
and pH. However, depending on the production 
methodology, the main drawback is that the enzyme is 
exposed to the medium, and intermolecular processes 
may inactivate the enzyme. Another challenge in the use 
of magnetic nanoparticles is the high production costs 
associated with the synthesis and functionalization of 
nanoparticles, which can significantly impact the economic 
feasibility of large-scale applications. Furthermore, 
some nanomaterials may exhibit toxicity, which limits 
their use in food or pharmaceutical applications.9 The 
magnetic nanoparticles are composed of biocompatible 
materials, such as magnetite, for use in bio-applications.10 
Thus, magnetic nanoparticles may efficiently support 
enzyme immobilization.10-13 Remarkably, immobilized 
biocatalysts on magnetic nanoparticles can be easily 
recovered using a magnetic field, which may optimize 
operational costs and enhance product purity. The most 
common immobilization methods are: covalent binding 
using agents such as glutaraldehyde; physical adsorption, 
which is simpler but less stable; and magnetic cross-linked 
enzyme aggregates (mCLEAs), which combine enzyme 
precipitation and cross-linking on magnetic particles. 
These systems have been successfully applied in biodiesel 
synthesis, esterification/transesterification reactions, 
pharmaceutical and food processes, bioremediation, and 
wastewater treatment.11-13

Ibuprofen (2-(4-isobutylphenyl)propionic acid) is a 
crucial non-steroidal anti-inflammatory drug (NSAID), 
widely used in the treatment of conditions such as 
cephalgia, headache, muscular strain, and rheumatoid 
arthritis.14,15 As with most profens, ibuprofen has a 
stereogenic center and is marketed as a racemic carboxylic 
acid, in which the (S)-enantiomer is responsible for the 
target therapeutic effect and is approximately 160  times 
more active than the (R)-enantiomer in the in vitro 
inhibition of prostaglandin biosynthesis.16 Besides being 
considered inactive, (R)‑ibuprofen is inappropriate due 
to its side effects on the gastrointestinal tract, membrane 
function, and normal lipid metabolism.14-17 Furthermore, 
other advantages can be reached with the administration 
of pure (S)-enantiomers, such as reduced metabolic load 
and pharmacokinetic interactions with other drugs.18 Thus, 
the use (S)-enantiomer is preferable rather than the racemic 
mixture.16 The enzymatic resolution of ibuprofen has 
been considered preferable instead of classical methods, 
as chromatographic separation and enantioselective 
crystallization can be performed by several lipases.19 To 
decrease the side effects, the development of prodrugs 
for NSAIDs has been searched for the blockage of the 
carboxylic acid group of NSAIDs.13 Using esterification 
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for the kinetic resolution of proteins is an exciting method 
for prodrug preparation.16 

This work evaluated the immobilization of CALB on 
activated magnetic iron nanoparticles. The biocatalysts 
produced were characterized using different techniques, 
including X-ray powder diffraction (XRD) and Fourier 
transform infrared (FTIR) spectroscopy, which confirmed 
the incorporation of magnetite and the immobilization 
of CALB within the magnetite matrix. The influence of 
operational conditions, such as stirring speed, enzyme 
load, contact time, and the presence of additives during 
immobilization, substances that can enhance or inhibit 
immobilization, such as glutaraldehyde, which is used 
to form covalent bonds between the enzyme and the 
support or between enzyme molecules, increasing 
stability, was addressed.13,14 The resulting biocatalyst 
was tested in the esterification of racemic ibuprofen. 
The results obtained with MNs‑CALB (lipase B 
from Candida  antarctica immobilized on magnetite 
functionalized in γ-aminopropyltriethoxysilane (APTS) 
and activated with glutaraldehyde) were compared to 
those obtained for CALB immobilized on the acrylic 
resin (Novozym® 435 - Commercial CALB). Furthermore, 
molecular docking studies were conducted to elucidate the 
esterification reaction between ibuprofen and CALB.13,15,16 

Regarding the advantages and disadvantages of 
this study, although the use of toxic organic solvents 
is common in esterification reactions, it can be seen as 
an environmental limitation. Greener studies that use 
aqueous systems or sustainable solvents currently have an 
advantage. A relevant application of this work is the chiral 
resolution of (R,S)‑ibuprofen, a significant pharmaceutical 
application. Articles dealing with real and industrial 
applications of this kind attract greater interest. The study of 
operational parameters, including agitation speed, enzyme 
loading, contact time, glutaraldehyde concentration, and 
the presence of additives, demonstrates a systematic 
and comprehensive approach - this type of analysis is 
highly valued, especially when optimization is sought. 
Computational analysis (molecular docking), such as the 
inclusion of docking studies to investigate interactions with 
the catalytic triad, shows a multidisciplinary effort, which 
increases the impact and scope of the work.15,19 

Experimental

Materials and reagents

The chemical reagents used in this study include 
FeCl3.6H2O (pure granulated 99%), FeSO4.7H2O (pure 
granulated 99%), and 30% ammonia solution. Lipase B from 

Candida antartica (CALB) was purchased from Codexis 
(Redwood, USA). Lipase B from Candida  antartica 
immobilized on the acrylic resin (Novozym® 435), 
aminopropyltriethoxysilane (APTS), glutaraldehyde 
solution grade II 25% (m/v), p-nitrophenyl butyrate (p-NPB), 
and p-nitrophenol (p-NP) were purchased from Sigma-
Aldrich (St. Louis, USA). All other reagents (analytical 
grade) were purchased from Synth (São Paulo, Brazil) and 
Vetec (São Paulo, Brazil).

Methods

Synthesis of Fe3O4 magnetic nanoparticles 
The coprecipitation method produces magnetic iron 

nanoparticles (Fe3O4) with an approximate particle size 
of 11.0 nm.20 A solution of metal salts containing Fe2+ and 
Fe3+ (FeSO47H2O and FeCl36H2O, 1:2) was mixed and 
diluted in Milli-Q water to form the spinel phase (Fe3O4). 
The aqueous mixture was heated to 70 °C under constant 
stirring, and a 30 wt.% NH4OH solution (ammonium 
hydroxide) was added until the pH reached 10, resulting 
in the formation of a black precipitate. The residue was 
washed several times with Milli-Q water until the residual 
solution reached neutral pH, followed by a final single 
rinse with methanol. The sample of MNs was then dried 
in a desiccator under vacuum.

Surface modification and activation of MNs (magnetic 
nanoparticles - magnetite - Fe3O4)

Iron magnetic nanoparticles were modified with 
aminopropyltriethoxysilane (APTS). The reaction was 
initiated by adding a solution of 2.0% v/v APTS to the 
support suspension. The solution was heated at 100 °C 
for 10 h under a nitrogen atmosphere. The modified 
nanoparticles were washed with 100 mL of methanol and 
100 mL of ethanol, separated by magnetic decantation, and 
dried at 30 °C for 24 h.11 

Glutaraldehyde activation
Iron magnetic nanopart icles modified with 

aminopropyltriethoxysilane (10 mg) were suspended 
in a glutaraldehyde solution (2.5 or 25% m/v) with a 
2.5 ratio solution/support (mL g-1). The mixture was stirred 
(20‑250  rpm) for two hours at 25 °C. Finally, supports 
were washed with a 100 mM bicarbonate buffer, pH 10, 
to remove the excess of activating agent.10 

Lipase B from Candida antartica - CALB immobilization
Immobilization of CALB on the previously activated 

support was carried out in batch mode at 25 °C. 0.5 mL 
of the enzyme (0.16‑0.51 mg) in sodium bicarbonate 
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buffer (100 mM, pH = 10) was added to 0.01 g (Fe3O4). 
The stirring speed was over the range of 20 to 250 rpm.  
Two types of stirring were studied: rotational (20‑45 rpm) 
and orbital (20‑250  rpm). Contact time was also 
evaluated, ranging from 0.5 to 5 h. Last, the influence of 
additives (sodium dodecyl sulfate 0.23%, SDS) during 
immobilization was verified. The immobilized CALB, 
designated as MNs‑CALB, was removed by magnetic 
separation and washed with a sodium bicarbonate buffer 
(100 mM, pH 10.0). The amount of CALB immobilized 
on magnetic nanoparticles (MNs) was determined by 
measuring the initial and final concentration of CALB in 
the immobilization supernatant. The hydrolytic activity 
assay was used to calculate key immobilization parameters: 
immobilization yield (IY), theoretical activity (Att), and 
recovery activity (Atr).21

Characterization of the supports and biocatalysts

Vibrating sample magnetometer (VSM) analysis: magnetic 
study

Magnetic curves were generated using a vibrating 
sample magnetometer (VSM) at 300 K. To ensure the 
accuracy of the acquired magnetic moments, the VSM 
underwent prior calibration with standard reference 
materials. In all measurements, the magnetic moment 
obtained for each applied field was normalized by the mass 
of the nanoparticles.

Scanning electron microscopy (SEM) coupled with X-ray 
fluorescence (XRF) spectroscopy

Morphology and chemical composition were assessed 
by scanning electron microscopy (SEM) imaging coupled 
with energy-dispersive X-ray spectroscopy (EDS) using the 
QUANTA 450 FEG microscope. Magnetic measurements 
were performed by vibrating sample magnetometry (VSM). 
The samples were affixed to carbon tape and silver-coated 
using the Quorum QT150ES metallization equipment, 
followed by a 20 kV electron beam. XRF analysis was 
performed using a Shimadzu model EDX-7000 instrument 
equipped with a rhodium tube, with 4 kV of power applied 
to the powdered samples.

Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared (FTIR) spectra were obtained 

using a PerkinElmer 2000 spectrophotometer, spanning a 
wavenumber range from 4000 to 400 cm-1. Before analysis, 
the samples were pre-dried to eliminate water absorption 
and dispersed in KBr at a 1:10 ratio. Subsequently, they 
were fashioned into translucent tablets with the assistance 
of a hydraulic press.

Enzyme assay and protein determination

Determination of enzyme activity
The activity of MNs-CALB (lipase B from 

Candida antarctica immobilized on magnetite functionalized 
in APTS and activated with glutaraldehyde) was determined 
spectrophotometrically using 50 mmol L-1 p-nitrophenyl 
butyrate (p-NPB) in acetonitrile. The reaction mixture 
was prepared by mixing 50 μL of p-NPB with 2.5 mL of 
25 mmol L-1 sodium phosphate buffer at pH 7, and then 
adding either 50 μL of the sample or 10 mg of biocatalyst 
at 25 °C. The product released during the hydrolysis of 
p-NPB, p-nitrophenol, was quantified by spectrometry 
using a spectrophotometer (Thermo Scientific®) at a 
wavelength of 348 nm (ε = 10.052 M−1 cm−1). One unit 
of activity (U) was defined as the amount of enzyme that 
hydrolyzes 1 μmol of substrate (p-NPB) per min under the 
conditions cited above.22 The protein concentration was 
determined by the Bradford method, and bovine serum 
albumin was used as standard.23

Thermal stabilities of soluble and immobilized CALB
The thermal stability of both soluble and immobilized 

CALB at 60 °C was evaluated by measuring the residual 
activity through the hydrolysis of p-nitrophenyl butyrate 
(p-NPB). Soluble or immobilized CALB was incubated in 
25 mM sodium phosphate buffer, pH 7, at 60 °C, for 48 h. 
Samples were periodically withdrawn, and their residual 
activities were assayed. The deactivation constant and 
half-life (t1/2) were calculated according to Sadana and 
Henley’s model.24 Stabilization factors were obtained as 
the ratio between half-lives of the immobilized and the 
soluble CALB.21 

Operational stability of the immobilized CALB
The operational stability of hydrolysis of the 

immobilized lipase was determined by six subsequent 
cycles of hydrolysis reactions of p-NPB. After each cycle, 
the nanoparticles were separated using a magnetic field, 
washed with 25 mM sodium phosphate buffer (pH 7), and 
recycled.

Application of the biocatalyst in the esterification model 
reaction

Racemic ibuprofen esterification
The reaction medium comprised cyclohexane, racemic 

ibuprofen, and 1-propanol. The reaction was started by 
adding immobilized CALB into the reaction medium. 
The suspension was incubated at 37 °C and shaken at 
600 rpm in a thermomixer for 24 to 72 h. Samples (50 μL) 
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were periodically withdrawn throughout the incubation 
period. The collected supernatant was evaporated at room 
temperature, and the residue was dissolved in 0.7  mL 
of mobile phase for HPLC (high-performance liquid 
chromatography) analysis.16 

Study in silico

Preparation of binders and proteins
The molecules of (R)-(−)-ibuprofen and (S)‑(+)‑ibuprofen 

were created using Chem3D software,25 as shown in 
Figure 1, employing the auto-optimization settings with 
the MMFF94S force field.26

This process aimed to generate bioactive conformations 
through the minimization of randomly generated 
conformers, using the Steepest Descent algorithm,27 and 
Step per Update 4,28 facilitated by Avogadro software.29 All 
files with ligands were converted to corresponding formats 
(pdbqt) with the addition of ionization and tautomeric states 
at pH 7.4 by using OpenBabel version 3.0.0 software.30 

The receptor under study was the structure of the lipase 
CALB, obtained from the Protein Data Bank repository 
(code 1TCA),31 whose crystalline structure was determined 
by complex X-ray diffraction. The interfering residues, 
water molecules, and the synthetic inhibitor were removed 
from the structure. Furthermore, polar hydrogens were 
added to both the ligands and the protein. The software 
used was Autodock Tools.32 

Molecular docking
Molecular docking was performed using AutoDock 

Vina,33,34 employing three-way multithreading. For 
docking of CALB lipase (1TCA), the following parameters 
were used: number of grid points in xyz dimensions (30, 
30, 30), grid spacing (0.642 Å), grid center coordinates 
in xyz (-2.847793, 22.862241, 14.848931). All other 
parameters were set to default values. The input ligands, 
which included polar hydrogens, were prepared in the 
pdbqt format. Between ten and forty molecular docking 
executions were conducted, with multiple simulations 
repeated in the same region of the biological receptor. 
Thus, to validate the performance of the simulations and 

assess the quality of the docking study, the RMSD (root 
mean square deviation) scoring criterion was adopted, 
indicating that a successful docking should exhibit a 
RMSD ≤ 2.0 Å.35

The simulation data, including the main receptor-ligand 
interactions, were visualized using the Discovery Studio 
software.36 

Results and Discussion

Effect of different glutaraldehyde concentrations on CALB 
immobilization

To facilitate covalent bonding between the enzyme 
and the support, glutaraldehyde was employed as a cross-
linking agent due to its effectiveness in forming stable 
covalent bonds with amine groups on the enzyme surface. 
The CALB enzyme contains free amino groups (such as 
those present in the lysine residues of its structure). When 
incubated with a glutaraldehyde-activated support, CALB 
covalently binds to the surface through a reaction between 
the aldehyde group of the glutaraldehyde already attached 
to the support and the amino groups of the enzyme. This 
interaction forms a stable and insoluble network, effectively 
anchoring the enzyme to the support.37

When glutaraldehyde is used in enzyme immobilization 
processes, such as in the case of CALB (Candida antarctica 
lipase B), it is essential to ensure that it does not cause 
residual toxic effects in the final product. Glutaraldehyde 
is highly reactive and can be harmful if not adequately 
controlled. In this study, several procedures were 
employed to minimize potential glutaraldehyde toxicity, 
supported by evidence from the literature. These included 
the quantification of residual glutaraldehyde after the 
immobilization process. At this stage, the enzymatic 
support was thoroughly washed with an appropriate buffer, 
in the case of CALB, a 100 mM bicarbonate buffer at 
pH 10.38

Another precautionary measure was the inclusion 
of a control, consisting of the support treated with 
glutaraldehyde but without the enzyme, to confirm that 
any observed activity was indeed due to the enzyme and 
not due to interference from the toxic agent. This study 
was conducted under the optimal conditions reported in 
previous research,22 which employed similar glutaraldehyde 
concentrations and reaction times and did not observe 
residual toxicity, thereby further strengthening the 
foundation of this work.

Figure 2 shows CALB activity during immobilization 
without the use of glutaraldehyde (0%), the influence of 
different glutaraldehyde concentrations (2.5 or 25%), and 

Figure 1. 2D molecular structures of (R)-(−)-ibuprofen (1) and  
(S)-(+)-ibuprofen (2).
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the effect of an additive (0.23% SDS) on the activity of 
the derivative. A strong correlation was observed between 
the immobilized enzyme activity and glutaraldehyde 
concentration, with activity increasing approximately 
13‑fold at 25% concentration. The exact amount of enzyme 
was measured at each stage, i.e., the enzymatic activity 
before immobilization, which was 0.546 U mL-1.

The enhancement observed at higher glutaraldehyde 
concentration indicates the formation of a denser and 
more stable enzyme-support matrix, resulting in improved 
conformational rigidity and reduced desorption during 
catalysis. This effect has also been reported by other 
authors, who demonstrated that stronger multipoint 
covalent attachment increases enzyme robustness and 
preserves catalytic activity under mechanical or thermal 
stress.39-41 However, excessive cross-linking may lead to 
partial modification of catalytically essential residues 
or to over-rigidification of the enzyme structure, 
potentially decreasing flexibility in the active site. 
Therefore, achieving an optimal balance of glutaraldehyde 
concentration is critical to ensure both stability and 
activity.

Generally, the specific surface area of smaller particles, 
such as nanoparticles, is significantly higher than that of 
larger particles, resulting in a greater density of reactive 
sites per unit mass. Consequently, a larger surface area 
demands higher concentrations of glutaraldehyde to 
ensure sufficient coverage and effective cross-linking 
of all available amine groups on the support surface. In 
this context, different authors have reported that high 
glutaraldehyde concentrations are essential to achieve 
extensive activation of the carrier and to form stable covalent 
linkages with enzyme molecules.10,39,40 Such concentrations 

are crucial to promote multipoint attachment, increasing 
the number of enzyme-carrier interactions and creating a 
more rigid enzyme microenvironment that enhances both 
the mechanical robustness and the intrinsic activity of the 
immobilized enzyme.41

At the molecular level, glutaraldehyde reacts with 
primary amino groups, forming Schiff bases or imine 
bonds that effectively “lock” flexible regions of the 
protein to the functionalized nanoparticle surface. This 
network reduces the conformational entropy of the 
enzyme, thereby stabilizing the tertiary structure against 
unfolding or desorption during catalytic turnover. However, 
this same rigidity can introduce a trade-off: if the cross-
linking density becomes excessive, it can restrict subtle 
but essential motions in regions surrounding the catalytic 
triad or hinder substrate diffusion into the active site. 
Consequently, while higher glutaraldehyde concentrations 
(such as 25%) enhance stability, over-rigidification may 
cause partial loss of activity due to steric hindrance or 
modification of catalytically essential residues, such as Lys, 
Ser, or His side chains involved in the microenvironment of 
the active site.40,41 Therefore, optimizing the glutaraldehyde 
concentration is a critical design step, as it governs the 
delicate balance between enzyme rigidity (for stability) 
and flexibility (for activity).

The influence of additives such as surfactants during 
immobilization has also been extensively explored in lipase 
systems, where these molecules can induce interfacial 
activation. In principle, surfactants adsorb at hydrophobic 
regions of the enzyme, shifting it from the “closed” to the 
“open” conformation, thereby exposing the catalytic site 
and enhancing accessibility to substrates. Cross-linking in 
the presence of such additives can, in theory, stabilize the 
enzyme in this open form, improving catalytic efficiency 
and selectivity. Moreover, because surfactants are not 
covalently attached, they can be easily removed after 
immobilization, leaving behind a conformation that is more 
catalytically competent.42

In this study, the anionic surfactant SDS was evaluated 
for its effect on CALB immobilization parameters. SDS 
has been reported to enhance the catalytic activity of 
many lipases by maintaining an open-lid conformation 
and increasing interfacial contact with hydrophobic 
substrates.43,44 However, as shown in Figure 2, the inclusion 
of SDS (0.23%) did not improve the performance of CALB; 
on the contrary, the resulting derivative exhibited only 
15.8 U g–1 of activity, nearly half the value observed in the 
absence of the surfactant (29.1 U g–1). This inverse effect 
can be rationalized by the structural features of CALB 
itself: unlike most lipases, CALB possesses a relatively 
small and rigid lid region and lacks pronounced interfacial 

Figure 2. Effect of additives sodium dodecyl sulfate (SDS) and 
glutaraldehyde (GLU) concentration on immobilization of lipase B 
from Candida antarctica (CALB) in magnetic nanoparticles (MNs). 
(■) Derivative activity.
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activation behavior.45 Thus, SDS does not confer the same 
conformational benefit as seen in classical interfacially 
activated lipases (e.g., from Thermomyces lanuginosus 
or Rhizomucor miehei), and may instead disturb essential 
intramolecular hydrogen bonds or the microenvironment 
surrounding the catalytic Ser105.

Furthermore, the concentration of SDS used (0.23%) 
approaches levels known to perturb protein tertiary 
structure. As an anionic detergent, SDS interacts with 
hydrophobic regions of the enzyme, disrupting noncovalent 
interactions such as hydrophobic packing and hydrogen 
bonding, leading to partial unfolding or even denaturation. 
This destabilization likely compromised the native 
conformation of CALB, explaining the observed decrease 
in activity. In addition, SDS may have interfered with the 
immobilization matrix or with the glutaraldehyde activation 
chemistry itself by competing for surface adsorption sites or 
by masking amine groups, thereby reducing the formation 
of productive enzyme-support covalent bonds. Hence, 
SDS, at this concentration, hinders rather than enhances 
immobilization efficiency.44,45

Taken together, these results indicate that although 
surfactant-assisted immobilization can be beneficial 
for lipases exhibiting strong interfacial activation, 
such as lipase A from Candida rugosa or lipase from 
Thermomyces lanuginosus, it is not suitable for CALB. In 
fact, for enzymes with smaller or less flexible lid regions, 
maintaining the natural conformation without surfactant 
exposure is a more effective strategy. Therefore, the use 
of SDS in enzyme immobilization protocols should be 
carefully controlled and limited to concentrations well 
below those typically used for protein denaturation.

Finally, the operational stability of MNs-CALB 
derivatives (lipase B from Candida antarctica immobilized 
on magnetite functionalized with APTS and activated 
with glutaraldehyde), obtained under different additive 
and cross-linking conditions, was investigated through 
consecutive hydrolysis cycles, as shown in Figure 3. 
The comparative performance of these derivatives 
provided further insights into how molecular - level 
interactions established during immobilization translate 
into macroscopic catalytic durability - a crucial property 
for industrial reuse and process economy.

The results clearly demonstrate that the biocatalyst 
immobilized in the absence of surfactant exhibited superior 
operational stability compared to the system prepared with 
SDS. In particular, the MNs-CALB derivative synthesized 
without any additive maintained more than 50% of its initial 
catalytic activity after five consecutive hydrolysis cycles, 
confirming that the covalent anchoring between CALB and 
the APTS/GLU-modified magnetic nanoparticles produced 

a robust and reusable system. Conversely, the derivative 
obtained in the presence of SDS retained less than 30% of 
its original activity under identical conditions, indicating 
partial enzyme deactivation or desorption from the carrier 
during repeated use.

This contrast reinforces the mechanistic interpretation that 
the detergent introduced structural perturbations in the enzyme 
or interfered with the covalent attachment process, generating 
a less stable catalytic network. Moreover, the absence of 
surfactant favored a more homogeneous distribution of CALB 
molecules over the nanoparticle surface and a more compact 
cross-linked configuration, minimizing conformational stress 
during successive catalytic cycles. Thus, the system prepared 
without SDS not only achieved higher immobilization 
efficiency but also provided enhanced structural resilience 
and better preservation of the active conformation throughout 
repeated operational use.

Biophysical characterization of magnetic nanoparticles 
(MNs) and MNs-CALB derivatives

Magnetic study of the synthesized supports
The magnetic behavior of the synthesized nanomaterials 

was evaluated through VSM, and the magnetization curves 
are presented in Figure 4. The results reveal that the pristine 
magnetic nanoparticles (MNs) exhibited a saturation 
magnetization (Ms) of approximately 73 emu g–1, while the 
sequential surface modifications led to a gradual decrease: 
67 emu g–1 for MNs/APTS (γ-aminopropyltriethoxysilane-
functionalized particles), 50 emu g–1 for MNs/APTS/GLU 
(after activation with glutaraldehyde), and 42 emu g–1 for 
MNs-CALB (the final biocatalyst containing immobilized 
Candida antarctica lipase B).

Figure 3. Operational stability in the hydrolysis of p-nitrophenyl (p-NPB) 
butyrate to lipase B from Candida antarctica immobilized on magnetite 
functionalized in APTS and activated with glutaraldehyde (MNs-CALB). 
Additives: 25% glutaraldehyde (black bars) and (25% glutaraldehyde + 
0.23% SDS) (red bars).
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This progressive reduction in magnetization is consistent 
with literature reports, which attribute such behavior to 
the introduction of non-magnetic organic layers onto the 
magnetite surface.46 Each functionalization step-first with 
APTS silanization, then with glutaraldehyde cross-linking, 
and finally with enzyme coating-incrementally increases 
the proportion of organic matter surrounding the magnetic 
core, thereby diluting its overall magnetic moment. 
Importantly, even after complete biocatalyst formation, the 
MNs-CALB derivative maintained a substantial magnetic 
response, sufficient to enable rapid and efficient recovery 
by a low-intensity external magnetic field.

The preservation of magnetic responsiveness after 
immobilization is a key feature for industrial applications, 
as it allows for catalyst separation and reuse without the 
need for filtration or centrifugation steps. Furthermore, 
the decrease in saturation magnetization (Ms) observed 
here also indirectly confirms the successful formation 
of the multilayer organic shell, supporting the FTIR and 
SEM analyses that demonstrate effective functionalization. 
In practical terms, this combination of strong magnetic 
response and controlled surface modification ensures that 
the synthesized MNs‑CALB biocatalyst possesses both 
physicochemical stability and operational manageability-
two essential attributes for its deployment in scalable 
bioprocesses involving repeated catalytic cycles.

The gradual reduction in the Ms observed after each 
functionalization step - from bare MNs to MNs/APTS, 
MNs/APTS/GLU, and finally MNs-CALB  - reflects the 
progressive incorporation of non-magnetic organic layers onto 

the magnetic core. This attenuation of Ms after silanization 
with APTS and subsequent activation with glutaraldehyde 
is fully aligned with what has been reported for Fe3O4-based 
nanosystems functionalized for biocatalytic purposes,46 
where surface coating with organosilane linkers and cross-
linking agents inevitably dilutes the net magnetic moment 
per gram of material. In practical terms, each new chemical 
layer deposited on the nanoparticle surface increases the 
mass fraction of diamagnetic or weakly paramagnetic species 
(silanes, aldehyde linkers, adsorbed enzyme), but does not 
contribute to magnetization. As a result, even though the 
magnetic core (magnetite) retains its intrinsic ferrimagnetic 
behavior, the normalized Ms value measured per gram of total 
material decreases.

This reduction in Ms is not indicative of a loss of 
magnetic integrity or structural degradation of the Fe3O4 
core. Instead, it is an expected physical consequence of 
building a hybrid organic-inorganic architecture in which 
biological functionality is added at the expense of pure 
magnetic mass. Importantly, despite this decrease, the final 
MNs-CALB derivative still exhibited a sufficiently high 
magnetization (ca. 42 emu g–1) to allow fast and efficient 
magnetic recovery. In other words, even after sequential 
surface modification with APTS, subsequent activation with 
glutaraldehyde, and covalent immobilization of CALB, 
the particles remained strongly responsive to an external 
magnetic field and could be rapidly separated from the 
reaction medium without the need for centrifugation or 
filtration. This is a crucial operational attribute for industrial 
biocatalysis, since it minimizes downstream processing 
costs and enables straightforward catalyst recycling in batch 
or semi-continuous systems.

From an application standpoint, the fact that the Ms 
values decrease but do not collapse confirms two things: 
(i) the functionalization chemistry was successful - because 
the organic coating is directly responsible for the observed 
drop in magnetization - and (ii) the structural core of 
magnetite remains intact and magnetically competent. 
Thus, the immobilization strategy preserved the essential 
benefit of magnetic nanocarriers (i.e., recoverability 
under low-intensity magnetic fields) while simultaneously 
introducing biochemical functionality (enzyme anchoring, 
stabilization, reusability). Taken together, the VSM results 
indicate that neither silanization nor cross-linking nor 
enzyme loading compromised the practical manipulability 
of the nanosystem. Instead, they resulted in a robust 
magnetically recoverable biocatalyst with controlled 
surface chemistry, which is precisely the desired profile 
for recyclable enzymatic systems targeted to fine-chemical 
and pharmaceutical applications, where catalyst retention 
and product purity are critical.

Figure 4. Magnetic characterization of synthesized materials and 
biocatalysts: MNs - magnetic nanoparticles (magnetite - Fe3O4);  
MNs/APTS (MNs functionalized with γ-aminopropyltriethoxysilane); 
MNs/APTS/GLU (MNs functionalized with APTS and activated 
with glutaraldehyde; MNs-CALB: lipase B from Candida antarctica 
immobilized on magnetite functionalized in APTS and activated with 
glutaraldehyde.
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Scanning electron microscopy (SEM) and X-ray fluorescence 
(XRF)

The morphological and compositional evolution of the 
supports throughout the different functionalization steps 
was further examined by SEM and XRF (Figures 5a-5d 
and insets). The SEM micrographs reveal clear differences 
between the pristine MNs and the progressively modified 
systems (MNs/APTS, MNs/APTS/GLU, and MNs‑CALB), 
indicating that each surface treatment step leaves a 
detectable imprint on particle organization, texture, and 
apparent agglomeration state. The initial MNs display the 
typical granular/micrometric aggregates that arise from 
the clustering of primary Fe3O4 nanoparticles, suggesting 
high surface roughness and a heterogeneous porosity 
that is favorable for enzyme anchoring. After APTS 
functionalization (MNs/APTS), the surface appears more 
uniformly coated, consistent with silane deposition over 
the magnetic core. This tends to smooth local asperities 
and can partially bridge adjacent particles, promoting 
the formation of denser agglomerates stabilized by the 
organosilane network.

Following activation with glutaraldehyde (MNs/APTS/
GLU), additional changes in surface texture are observed, 
compatible with the introduction of a cross-linked organic 
layer. This activated interface provides aldehyde groups 
that subsequently react with nucleophilic residues of 
CALB. In the final biocatalyst (MNs-CALB), the SEM 
images suggest the presence of an additional organic 
corona associated with the immobilized lipase layer. This 
organic coverage can act as a physical “skin” over the 
nanoparticle clusters, which not only stabilizes the enzyme 
at the solid-liquid interface but also helps prevent extensive 
nanoparticle coalescence. Such a morphology is consistent 
with a system in which the enzyme is not merely adsorbed 
but covalently anchored, forming a cohesive bioinorganic 
shell rather than isolated protein patches.

The XRF elemental maps (insets in Figure 5) 
complement the SEM observations by confirming the 
predominance of iron (Fe) in all samples, as expected for 
magnetite-based carriers, while also revealing progressive 
incorporation of other elements associated with surface 
chemistry and bioconjugation. The slight relative decrease 
in Fe signal intensity and the increasing contributions of 
light elements and sulfur (“others” and S in the provided 
maps) across MNs → MNs/APTS → MNs/APTS/GLU → 
MNs-CALB are consistent with stepwise addition of 
organic functional groups and biomolecules. This chemical 
signature supports the interpretation that (i) silanization 
effectively grafted APTS to the nanoparticle surface, 
(ii)  glutaraldehyde activation introduced further non-

magnetic organic content, and (iii) CALB immobilization 
successfully anchored the enzyme layer onto the 
functionalized support.

Altogether, the SEM and XRF results show that 
the immobilization route did not simply decorate the 
surface in a superficial, weakly adsorbed way. Instead, 
the data indicate the formation of an integrated hybrid 
structure in which the inorganic core (magnetite) provides 
mechanical and magnetic support, while the organic shell  
(APTS/GLU + CALB) defines the catalytic interface. This 
hierarchical organization is crucial for performance: the 
nanoparticle core guarantees rapid magnetic recovery and 
processability, whereas the chemically tailored outer layer 
creates a biocompatible microenvironment for the lipase, 
helping preserve activity, orientation, and accessibility to 
substrates during catalysis and reuse.

The XRF elemental maps confirmed that all samples 
exhibited surfaces homogeneously enriched with 
iron, validating the successful synthesis of magnetite 
nanoparticles. The dominance of Fe peaks across all 
formulations reflects the preservation of the crystalline 
Fe3O4 phase even after multiple functionalization steps. 
Slight but consistent reductions in Fe intensity were 
observed for the APTS- and GLU-modified systems, 
accompanied by the progressive appearance of secondary 
elements such as sulfur and other light atoms. These 
variations are a clear indication of successive chemical 

Figure 5.  VSM and XRF images of:  (a) MNs - magnetic 
nanoparticles; (b) MNs/APTS - magnetite functionalized with APTS 
(γ-aminopropyltriethoxysilane); (c) MNs/APTS/GLU - magnetite 
functionalized with APTS and activated with GLU (glutaraldehyde);  
(d) MNs-CALB: lipase B from Candida antarctica immobilized on 
magnetite functionalized with APTS and activated with glutaraldehyde.
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modifications on the nanoparticle surface, with the 
incorporation of organic functional groups and enzyme 
molecules contributing to the overall compositional 
heterogeneity of the hybrid system.

In particular, the emergence of sulfur and carbon-
rich signals after APTS and glutaraldehyde treatments 
demonstrates that the nanoparticle surfaces became 
progressively coated with non-magnetic, organic material-
consistent with the formation of a cross-linked silane-
aldehyde network that provides anchoring sites for 
CALB. The presence of iron at the outermost surface 
of the final MNs-CALB sample (Figure 5d) further 
confirms that, despite the organic coverage, the magnetic 
core remains partially exposed, enabling effective 
magnetic responsiveness. This balance between organic 
functionalization and magnetic accessibility is desirable 
for biocatalytic applications, as it ensures both biochemical 
compatibility and facile magnetic recovery of the 
biocatalyst from reaction media.

Fourier transform infrared spectroscopy (FTIR) analysis

The structural and chemical evolution of the materials 
was further examined by FTIR spectroscopy (Figure 6). All 
systems exhibited characteristic absorption bands between 
567 and 625 cm–1, attributed to Fe–O stretching vibrations 
of magnetite.46,47 The persistence of these bands across all 
samples demonstrates that the crystalline integrity of the 
Fe3O4 core was preserved during each functionalization 
stage. Additionally, broad absorption at 3427 cm–1 and a 
weaker band around 1627 cm–1 were consistently observed 
in all spectra, corresponding to the stretching and bending 
vibrations of hydroxyl (–OH) groups and adsorbed water 
molecules on the nanoparticle surface.47,48 These surface 
hydroxyl groups play a central role in subsequent silanization, 
serving as anchoring points for APTS molecules.

In the MNs/APTS spectrum (Figure 6b), the 
appearance of a distinct band at 1126 cm–1 is diagnostic of  
Si–O–Fe bonding, confirming the successful grafting of 
aminopropylsilane chains onto the magnetite surface.49 
This covalent linkage provides terminal amine groups 
that enable further activation with bifunctional cross-
linkers such as glutaraldehyde. Following this step, the 
MNs/APTS/GLU spectrum (Figure 6c) displayed a new 
absorption peak at 1742 cm–1, corresponding to the C=O 
stretching vibration of aldehyde groups, providing direct 
evidence of successful glutaraldehyde coupling to the 
silanized surface.50 Importantly, the Fe–O band of magnetite 
remained unaltered, indicating that the activation reaction 
was confined to the outer functional layer and did not 
perturb the magnetic core.

After enzyme immobilization, the MNs-CALB 
spectrum revealed additional bands near 1437 cm–1, which 
can be assigned to N–H bending and C–N stretching 
vibrations associated with peptide linkages from the protein 
backbone.49 The presence of these amide-related bands 
confirms the covalent attachment of CALB molecules 
to the glutaraldehyde-activated surface through Schiff-
base formation between aldehyde and lysine residues. 
The combination of these vibrational features-Si–O–Fe, 
C=O (aldehyde), and amide bands-constructs a consistent 
chemical narrative of sequential surface modification: 
silanization, activation, and enzyme immobilization.

Overall, the FTIR results substantiate the formation 
of a well-organized hierarchical architecture in which 
the magnetite core provides magnetic functionality, the 
APTS‑GLU network offers reactive anchoring sites, and 
the outer CALB layer supplies catalytic activity. This 
multilayered configuration is critical for generating a 
biocatalyst that unites structural stability, high enzyme 
loading, and magnetic separability, fulfilling the design 
principles for advanced recyclable nanosystems.

The mechanical environment during immobilization 
plays a decisive role in determining enzyme-support 
interactions, diffusion phenomena, and the final 
conformational state of the immobilized biocatalyst. 
Stirring, in particular, governs the hydrodynamic shear 
forces acting on enzyme molecules in suspension. 
At moderate agitation levels, the shear rate promotes 
efficient dispersion of the nanoparticles and enhances 
the probability of enzyme-support collisions, facilitating 
covalent bond formation and uniform coating of the 
carrier surface. Under such conditions, mixing reduces 
diffusional limitations and ensures better accessibility of 
functional groups, thereby favoring high immobilization 
yields and catalytic activity.

However, when the shear rate exceeds a critical 
threshold, the benefits of agitation are counteracted by 
mechanical stress imposed on the enzyme molecules. 
High shear intensity can lead to partial unfolding of the 
protein structure, particularly at the interfacial region 
where the lipase interacts with gas-liquid or solid-liquid 
boundaries. Such conditions promote transient exposure 
of hydrophobic regions, aggregation, or even irreversible 
denaturation. Furthermore, excessive turbulence may 
generate microbubbles that enhance interfacial stress, 
accelerating conformational fatigue and inactivation of 
the biocatalyst. These effects are especially critical for 
lipases, whose catalytic performance is closely linked to 
the integrity and flexibility of their active-site lid domain.51

Interestingly, immobilization on nonporous supports 
such as APTS/GLU-functionalized magnetite does 
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not fully mitigate shear-induced inactivation, since the 
immobilization interface is external and directly exposed to 
hydrodynamic forces. In porous matrices, the enzyme can 
be physically shielded within confined environments, but in 
the present system, the absence of protective microcavities 
leaves the immobilized CALB more susceptible to surface 
shear. This highlights the need to carefully control the 
agitation regime during immobilization to balance efficient 
mixing with structural preservation of the enzyme.

Therefore, to optimize process conditions for the 
CALB system, the effect of stirring speed on enzyme 
immobilization was systematically investigated, as shown 
in Figure 7. By evaluating immobilization efficiency, 
recovered activity, and potential conformational damage 
across a range of agitation intensities, it was possible to 
establish an operational window in which mass transfer 
is maximized without inducing significant mechanical 
deactivation. Such an approach provides valuable insight 
for scaling up the immobilization process, where reactor 
geometry and fluid dynamics can drastically influence 
enzyme stability and overall biocatalyst performance.

The influence of stirring mode-orbital versus 
rotational was systematically evaluated to understand how 
hydrodynamic conditions affect enzyme attachment and 

activity recovery. Due to equipment constraints, rotational 
stirring could be examined only at 20 and 45 rpm, whereas 
orbital stirring was explored across a wider range, from 20 
to 250 rpm, with a fixed immobilization time of one hour 
for all conditions.

Figure 6. FTIR spectra of the samples recorded in the 4000-400 cm–1 range using the KBr pellet method: (a) MNs - magnetic nanoparticles; (b) MNs/
APTS - magnetite functionalized with APTS (γ-aminopropyltriethoxysilane); (c) MNs/APTS/GLU - magnetite functionalized with APTS and activated 
with GLU (glutaraldehyde); (d) MNs-CALB: lipase B from Candida antarctica immobilized on magnetite functionalized with APTS and activated with 
glutaraldehyde. Effect of the stirring speed on the immobilization of CALB onto MNs.

Figure 7. Effect of stirring speed during the immobilization process on 
the resulting MN-CALB derivatives (lipase B from Candida antarctica 
immobilized on magnetite functionalized in APTS and activated with 
glutaraldehyde). Activities are displayed for derivatives obtained through 
rotational stirring (dark blue bars, 25-50 rpm) and orbital stirring (light 
gray bars, 25-250 rpm).
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A pronounced dependence of enzymatic performance 
on stirring speed was observed. Under orbital agitation, the 
activity of the immobilized CALB progressively increased 
from 20 up to 150 rpm, suggesting that moderate turbulence 
promotes efficient mass transfer, better distribution of the 
magnetic nanoparticles, and enhanced enzyme-support 
contact. However, further increases in agitation beyond 
150 rpm led to a notable decline in catalytic performance, 
with activity losses becoming significant at 200 and 
250 rpm. This trend indicates that, although mild stirring 
facilitates covalent bonding by increasing molecular 
collisions, excessive shear introduces mechanical stresses 
that outweigh the kinetic benefits.

The comparison between orbital and rotational 
agitation revealed that the latter provided a more stable 
hydrodynamic regime, with less localized turbulence and 
reduced interfacial shear. Consequently, under rotational 
stirring, enzyme immobilization exhibited superior 
performance at the tested speeds. The derivative activity 
increased as stirring was raised from 20 to 45 rpm, 
achieving a maximum value of 28 ± 0.5 U g–1 at 45 rpm. 
This condition was selected as optimal for subsequent 
experiments. In contrast, orbital agitation at 250 rpm caused 
a sharp drop in derivative activity, confirming that elevated 
shear rates can disrupt the tertiary structure of the enzyme 
and compromise catalytic function.

Mechanistically, this behavior can be interpreted as a 
balance between mass-transfer enhancement and mechanical 
denaturation. At low stirring speeds, enzyme-support 
collisions are insufficient for efficient immobilization; at 
excessively high speeds, the mechanical energy transmitted 
through liquid shear and microbubble formation leads 
to partial unfolding or detachment of the enzyme from 
the nanoparticle surface.51 For nonporous materials such 
as APTS/GLU-functionalized magnetite, these effects 
are amplified because the enzyme is immobilized on an 
exposed surface rather than within protective pores, leaving 
it fully susceptible to hydrodynamic stress.52 Thus, agitation 
exerts a dual effect-kinetic and structural-that must be 
carefully optimized to maintain catalytic integrity.

These findings emphasize that hydrodynamic conditions 
should be regarded as an intrinsic parameter of the 
immobilization design, rather than a mere operational 
variable. The optimal agitation regime (45 rpm, rotational 
stirring) achieved a favorable compromise between 
diffusion enhancement and structural preservation of 
CALB. Under these conditions, the covalent cross-linking 
proceeded efficiently, forming a uniform enzyme layer 
without promoting denaturation. This optimized setup was 
therefore adopted for all subsequent immobilization and 
biocatalytic assays.

Biocatalytic study

Effect of enzyme loading
The relationship between enzyme loading and catalytic 

performance was investigated to determine the optimal 
theoretical activity (Atoff) for CALB immobilization on 
the MNs support. The tested loading range varied from 
45 to 200 U g–1, and the resulting derivative activities and 
immobilization yields are shown in Figure 8.

Enzyme loading is a key determinant of biocatalyst 
performance, as it dictates the surface density of active 
sites and the degree of intermolecular interaction 
among immobilized enzymes. At lower loadings, the 
nanoparticle surface may not be fully saturated, leading 
to underutilization of available binding sites. Conversely, 
excessively high loadings can cause steric crowding and 
restricted substrate diffusion, especially in nanostructured 
systems where enzymes compete for limited accessible 
area. The systematic evaluation of Atoff thus provides 
crucial insight into how surface coverage affects both 
the catalytic efficiency and operational stability of the 
immobilized CALB.

As shown in Figure 8, increasing the enzyme loading 
up to 80 U g–1 led to a marked rise in the catalytic activity 
of the immobilized CALB, reaching a maximum value 
of 29.1 ± 0.9 U g–1. This behavior reflects the progressive 
occupation of available reactive sites on the magnetic 
nanoparticle surface, which enhances the density of active 
catalytic centers and facilitates more efficient substrate 
turnover. However, further increases beyond this optimal 
loading threshold resulted in a clear decline in derivative 
activity, suggesting that excessive enzyme concentration 
exerts an adverse effect on overall catalytic performance.

Figure 8. Effect of enzyme load (Atoff, U g-1) on immobilization of lipase B 
from Candida antarctica (CALB) in MNs (magnetic nanoparticles). 
(■) Derivative activity (U g-1) and (□) Immobilization yield (%). The lines 
represent the trend of experimental data.
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The decline in activity at high loading levels can 
be attributed to several interrelated phenomena. The 
most immediate explanation involves protein-protein 
interactions that occur when enzyme molecules are 
immobilized too densely on the carrier surface. Under 
such molecular crowding conditions, adjacent CALB 
molecules may experience steric hindrance or electrostatic 
repulsion that restricts substrate access to the active site. 
Moreover, intermolecular interactions can distort enzyme 
orientation, masking the catalytic domain and leading to 
conformational strain. These spatial constraints hinder 
efficient diffusion of substrates and products, causing 
apparent activity loss despite the presence of more enzyme 
molecules.

Beyond simple steric effects, high surface crowding can 
induce conformational alterations due to partial unfolding 
or rigidification of surface-exposed residues, as the 
natural hydration shell and local flexibility of the enzyme 
become perturbed. Such conformational stress can modify 
the dynamic behavior of the enzyme’s active-site lid, 
particularly relevant for lipases, whose catalytic efficiency 
depends on maintaining a delicate balance between open 
and closed conformations. Additionally, dense enzyme 
packing may alter the physicochemical microenvironment-
affecting pH, polarity, and ionic distribution near the 
nanoparticle surface-which in turn influences catalytic 
turnover rates.

It is therefore evident that increasing enzyme loading 
does not guarantee improved performance; beyond an 
optimal value, the system enters a diffusion-limited 
regime where internal or external mass-transfer constraints 
dominate the overall kinetics. Under these conditions, 
substrates struggle to access buried active sites, and product 
release becomes hindered, resulting in a measurable drop 
in apparent activity. Thus, enzyme crowding and restricted 
molecular mobility act synergistically to reduce efficiency 
at higher loadings.53

Optimizing enzyme loading is therefore a critical 
engineering parameter in the design of immobilized 
biocatalysts. It requires striking a balance between 
achieving sufficient surface coverage for mechanical 
stability and preserving the conformational freedom 
necessary for catalytic function. The optimal loading 
identified at 80  U  g–1 represents this compromise-
providing enough enzyme molecules to fully exploit the 
functionalized surface while avoiding the detrimental 
effects of over-saturation. This result aligns with previous 
studies reporting that excessive immobilization density 
leads to self-inhibition and reduced substrate accessibility 
in nanostructured enzyme systems.

Effect of enzyme-support contact time on enzyme 
immobilization

The influence of the enzyme-support contact time 
on immobilization efficiency and catalytic activity was 
subsequently analyzed, and the results are summarized 
in Figure 9. By correlating immobilized protein content 
with derivative activity, it was possible to determine the 
optimal incubation duration required to achieve maximum 
enzyme loading without compromising structural integrity 
or catalytic function. The next section explores how the 
balance between kinetic attachment and conformational 
stability evolves over time, providing essential insight into 
the dynamics of the immobilization process.

As shown in Figure 9, the amount of protein immobilized 
on the magnetic nanoparticles remained nearly constant 
over the tested time interval, indicating that the enzyme-
support interaction occurs rapidly and reaches equilibrium 
within the first hour. The highest catalytic activity of the 
immobilized CALB was achieved at this point (1 h), 
confirming that the covalent attachment and conformational 
adaptation of the enzyme to the APTS/GLU-functionalized 
surface proceed efficiently in a relatively short period. 
Beyond this optimal time, however, a gradual decline in 
activity of approximately 20-25% was observed after 4 h 
of incubation.

This loss of activity after extended contact likely 
arises from excessive enzyme-support interactions, which 
can promote partial conformational rearrangements or 
over-rigidification of the enzyme’s tertiary structure.53 
When the immobilization period is prolonged, multipoint 
covalent attachments may increase to the point that 
the enzyme’s structural flexibility-particularly near the 
active-site region-is restricted. Such structural tightening 
can hinder the dynamic motions necessary for substrate 
binding and product release, thereby reducing overall 

Figure 9. Effect of contact time on enzyme immobilization. (■) Derivative 
activity (U g-1). (□) Amount of protein (mg g-1). The lines represent the 
trend of experimental data.
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catalytic efficiency. In lipases, whose activity depends 
on subtle movements of the active-site lid, these effects 
are especially pronounced; excessive cross-linking may 
“lock” the enzyme in less active conformations or alter the 
orientation of catalytic residues.

The rapid immobilization observed within one hour 
reflects the synergistic contribution of multiple interaction 
mechanisms operating simultaneously in the system. 
Initially, covalent bonding via glutaraldehyde provides 
strong anchoring between the enzyme’s amino groups 
and the activated surface. In parallel, interfacial activation 
facilitates the adsorption of CALB onto hydrophobic 
domains of the functionalized nanoparticles, aligning 
the enzyme in a catalytically favorable orientation. Ionic 
exchange interactions may also contribute, given the 
presence of amine and carboxyl groups on both enzyme 
and carrier, stabilizing early enzyme-support associations 
before covalent fixation occurs.

Another factor contributing to this rapid and efficient 
immobilization is the nonporous nature of the support, 
which eliminates intraparticle diffusion barriers and allows 
unrestricted enzyme access to reactive surface sites. This 
structural openness favors direct contact between enzyme 
molecules and the glutaraldehyde-activated surface, 
promoting quick saturation of binding sites and high 
immobilization yield.

Altogether,  these  resul ts  demonstra te  that 
the immobilization of CALB onto the APTS/GLU-
functionalized magnetic nanoparticles is a kinetically fast 
and structurally efficient process. The optimal contact time 
of one hour offers the best compromise between enzyme 
anchoring and conformational preservation, ensuring high 
catalytic activity and reproducibility of the immobilization 
protocol. The corresponding immobilization parameters 
obtained under these conditions are summarized in Table 1, 
which serves as a reference for the subsequent biocatalytic 
analyses.

Lish et al.54 investigated the catalytic performance of 
CALB immobilized on magnetic nanoparticles and reported 
an immobilization yield of approximately 82% after 24 h 

of incubation. In contrast, the present study achieved a 
comparable immobilization profile within just one hour, 
representing a significant improvement in process kinetics. 
This finding suggests that the functionalization route 
adopted here-APTS silanization followed by glutaraldehyde 
activation-provides a highly reactive surface that promotes 
rapid covalent attachment of enzyme molecules. The ability 
to attain substantial enzyme loading in a fraction of the time 
required by traditional methods directly enhances process 
efficiency and scalability, both of which are essential for 
industrial biocatalysis.

Monteiro et al.55 similarly explored the immobilization 
of CALB on magnetic nanoparticles functionalized with 
APTES and activated with glutaraldehyde. They reported 
an immobilization yield of 38.2%, closely matching the 
29% yield obtained in the present work under optimized 
conditions. The slight difference in performance can 
be attributed to variations in surface chemistry, particle 
morphology, and the density of amine groups available for 
cross-linking. These comparisons collectively validate the 
robustness of our immobilization protocol and highlight 
how subtle differences in synthesis parameters-such 
as solvent polarity, activation time, or glutaraldehyde 
concentration-can markedly influence enzyme orientation 
and covalent binding efficiency.

The rapid immobilization behavior observed here-
characterized by high catalytic activity at early stages 
followed by partial loss upon prolonged contact-
corroborates the findings of other studies involving 
aldehyde-functionalized supports. For example, in the 
immobilization of Serratia marcescens lipase on APTS-
coated Fe3O4 nanoparticles, nearly complete enzyme 
binding occurred within 10 min, with longer incubation 
(up to 120 min) yielding no further improvement.56 This 
parallels our results, demonstrating that the primary binding 
events between the enzyme and the glutaraldehyde-activated 
surface are extremely fast, driven by strong aldehyde-amine 
condensation reactions. After this initial stage, additional 
contact time mainly contributes to excessive cross-linking 
or conformational tightening, which may reduce catalytic 
flexibility.

Conversely, Thermomyces lanuginosus  lipase 
immobilized on aldehyde-functionalized APTS-Fe3O4 
nanoparticles required approximately two hours to 
reach optimal immobilization, after which the enzyme 
maintained high activity and stability over extended use.57 
This difference illustrates how enzyme structure and 
lid dynamics influence immobilization kinetics: while 
CALB exhibits a compact, relatively rigid active site 
that favors fast covalent anchoring, lipases with larger, 
more mobile lids (such as T. lanuginosus) may require 

Table 1. Immobilization parameters of magnetic nanoparticles (MNs) 
and the biocatalyst MNs-CALB (lipase B from Candida antarctica 
immobilized on magnetite functionalized in APTS and activated 
with glutaraldehyde): including the actual activity of the derivative, 
immobilization yield, theoretical activity, and recovered activity

Immobilization parameter Biocatalyst (MNs-CALB)

Derivative activity / (U g-1) 29 ± 0.91

Immobilization yield / % 75 ± 0.13

Theoretical activity / (U g-1) 59 ± 0.23

Efficiency / % 46 ± 0.19
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longer incubation times to achieve optimal orientation 
and cross-linking.

Taken together, these literature comparisons reinforce 
the interpretation that the immobilization of CALB onto 
APTS/GLU-modified magnetic nanoparticles is governed 
primarily by covalent attachment mechanisms, which 
proceed rapidly and efficiently. However, these same strong 
binding interactions introduce a kinetic-structural trade-off: 
extending the incubation time beyond the optimal range 
enhances multipoint linkage density but simultaneously 
restricts conformational freedom, leading to the gradual 
loss of activity observed after prolonged contact. This 
delicate equilibrium between immobilization extent and 
structural preservation underscores the importance of 
precise temporal control during biocatalyst preparation.

Reuse of the immobilized enzyme

Given that reusability is a cornerstone of industrial 
biocatalyst design, the operational stability of the 
MNs‑CALB derivatives was evaluated across multiple 
reaction cycles. Figure 10 presents the hydrolytic activity 
profiles over successive batch runs for derivatives 
prepared under varying enzyme-support contact times. 
The progressive decline in activity with reuse provides 
quantitative insight into how immobilization conditions 
influence mechanical robustness and covalent stability 
under repetitive operational stress.

The results revealed that the derivatives prepared under 
optimized conditions (1 h contact time, 45 rpm rotational 
stirring) exhibited the highest retention of catalytic activity 
across cycles, confirming that the immobilization strategy 
yields a biocatalyst that is both structurally resilient and 
magnetically recoverable. Conversely, derivatives subjected 
to longer immobilization periods showed a steeper 
activity decay, consistent with the earlier observation that 
excessive cross-linking and over-rigidification reduce the 
conformational elasticity needed for repeated catalysis. 
The trends observed here mirror industrial expectations: 
maximizing the number of reusable cycles without 
significant loss of activity is key to reducing process costs 
and improving overall sustainability.

In summary, these findings demonstrate that careful 
optimization of immobilization kinetics and hydrodynamic 
conditions can produce CALB-based magnetic biocatalysts 
with a desirable combination of rapid preparation, high 
catalytic efficiency, and excellent reusability-a triad of 
properties essential for integrating enzymatic nanomaterials 
into continuous or semi-continuous bioprocesses.

The biocatalyst prepared under the optimized 
immobilization conditions-1 h of enzyme-support contact 

time-displayed the most favorable hydrolytic performance 
and reusability profile. As shown in Figure 10, this derivative 
retained approximately 50% of its initial activity after six 
consecutive catalytic cycles, demonstrating notable structural 
integrity and operational robustness under repeated use. 
The ability of the MNs-CALB system to maintain half 
of its original activity over multiple cycles confirms the 
effectiveness of the covalent bonding achieved through 
glutaraldehyde activation, which minimizes enzyme leaching 
and mechanical detachment during reaction and recovery.

This level of reusability is highly competitive when 
compared with conventional immobilization systems 
reported in the literature for CALB and other lipases, 
where activity losses often exceed 60-70% after only 
three to four cycles. The results therefore underscore the 
strength of the enzyme-support interface produced in this 
study, in which the APTS-GLU functional layer ensures 
both stable attachment and preservation of catalytic 
functionality. Moreover, the moderate activity decline 
observed is likely attributed to cumulative conformational 
fatigue or minor microenvironmental changes during 
repeated washing and handling steps, rather than to 
chemical desorption.

Based on these results, all subsequent preparations 
of MNs-CALB derivatives were standardized to 1 h of 
immobilization time, as this condition provided the best 
compromise between high initial activity, mechanical 
stability, and long-term operational performance. This 

Figure 10. Operational stability in the hydrolysis of p-NPB (p-nitrophenyl 
butyrate) by MNs-CALB (lipase B from Candida antarctica immobilized 
on magnetite functionalized with APTS and activated with glutaraldehyde). 
Relative activity (%) as a function of reuse cycles for derivatives prepared 
at different enzyme–support contact times: black line with square symbols 
(■) 30 min; red line with circle symbols (●) 1 h; blue line with triangle 
symbols (▲) 2 h; green line with rhombus symbols () 3 h; magenta line 
with triangle symbols (▼) 4 h; and dark-blue line with triangle symbols 
(▲) 5 h. The lines represent the trend of the experimental data.
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optimized configuration was thus adopted as the reference 
for further analyses of structural and thermal behavior.

Thermal stability of soluble and immobilized CALB

The thermal stability profiles of both soluble and 
immobilized CALB were examined under controlled 
conditions at 60 °C and pH 7.0 in a 25 mM sodium phosphate 
buffer for a 48-h incubation period. The results, presented in 
Figure 11, clearly reveal distinct thermal inactivation patterns 
between the free and immobilized enzymes, reflecting the 
protective effect conferred by immobilization.

The soluble enzyme exhibited a rapid loss of catalytic 
activity within the first few hours of incubation, consistent 
with the known thermal sensitivity of CALB in aqueous 
environments. The lack of structural constraints in 
the soluble form allows thermal agitation to disrupt 
intramolecular hydrogen bonds and destabilize the 
hydrophobic core, leading to irreversible unfolding 
and deactivation. In contrast, the immobilized CALB 
demonstrated a markedly slower rate of inactivation, 
maintaining a substantial fraction of its original activity 
even after prolonged exposure to elevated temperature. 
This enhanced thermostability arises from the multipoint 
covalent attachment and restricted conformational mobility 
imparted by the APTS/GLU-functionalized magnetic 
support. The immobilization effectively “locks” the enzyme 
in a more rigid configuration, which reduces the entropy 
associated with unfolding transitions and stabilizes key 
catalytic residues within the active site.

Moreover, the magnetic carrier may contribute to 
additional microenvironmental stabilization by moderating 
local polarity and providing a less hydrated interfacial 
region around the enzyme, thereby reducing water-induced 
denaturation processes. Collectively, these effects illustrate 
how the designed immobilization strategy successfully 
transforms CALB into a structurally reinforced and 
thermally resilient biocatalyst, capable of sustaining 
catalytic activity under conditions that would normally 
inactivate the soluble enzyme.

The comparative analysis of the thermal inactivation 
profiles (Figure 11) revealed a pronounced difference 
between the soluble and immobilized forms of CALB. 
The soluble enzyme underwent rapid deactivation, losing 
over 70% of its initial activity within the first 6 min of 
exposure at 60 °C. This steep decline reflects the high 
conformational sensitivity of CALB in its free state, where 
the lack of structural confinement allows thermal agitation 
to disrupt the delicate hydrogen-bonding and hydrophobic 
interactions that stabilize the native fold. Once unfolded, 
the exposed hydrophobic residues promote irreversible 

aggregation and rapid catalytic loss.
In contrast, the immobilized enzyme displayed 

significantly enhanced thermal resistance, losing only 
about 20% of its initial activity during the same period. 
Remarkably, even after 20 h, the immobilized CALB 
retained approximately 20% of its initial activity, 
confirming that the immobilization matrix confers a 
pronounced protective effect. This stability enhancement 
can be attributed to multiple synergistic factors:
(i) Multipoint covalent attachment via glutaraldehyde 
restricts large-scale conformational motions, lowering the 
entropy of unfolding transitions;
(ii) Surface confinement within the APTS/GLU network 
reduces the probability of intermolecular aggregation; and
(iii) Microenvironmental modulation, in which the local 
polarity and hydration around the enzyme are altered, 
creating a semi-rigid microdomain that buffers thermal 
perturbations.

Collectively, these effects transform CALB from a 
thermolabile enzyme into a thermotolerant biocatalyst 
capable of sustained operation at temperatures where the 
soluble form is rapidly denatured. Such an enhancement 
is particularly relevant for industrial hydrolytic or 
transesterification processes that demand prolonged 
exposure to elevated temperatures to increase reaction rates 
or reduce medium viscosity.

The quantitative thermal deactivation data are 
summarized in Table 2, which lists the half-life (t1/2) and 
stabilization factor (SF) for both soluble and immobilized 
forms at 60 °C. The immobilization process resulted in a 
dramatic improvement of the enzyme’s thermal robustness, 

Figure 11. Thermal stability of CALB-soluble (lipase B from Candida 
antarctica) and MNs-CALB derivatives at 60 °C and pH 7. Soluble 
enzyme Att = 93 U mL-1 and MNs-CALB derivatives (lipase B from 
Candida antarctica immobilized on magnetite functionalized in APTS 
and activated with glutaraldehyde) Att = 80 U g-1. Relative activity:  
(●) immobilized CALB and (■) CALB soluble. The lines represent the 
trend of the Sadana and Henley models.
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with t1/2 increasing from 3 min (soluble CALB) to 60 min 
(MNs-CALB)-a 20-fold enhancement in stability. This 
substantial rise in half-life unequivocally demonstrates 
that covalent immobilization on the APTS/GLU-modified 
magnetic nanoparticles effectively shields CALB from 
thermal denaturation and aggregation. The stabilization 
factor (SF > 1) further corroborates that immobilization not 
only preserves enzyme activity but also redefines its kinetic 
resistance to temperature-induced inactivation.

In summary, these findings confirm that the immobilized 
CALB derivative exhibits a thermodynamically stabilized 
structure with reduced conformational entropy, enabling 
prolonged activity retention under harsh operational 
conditions. This thermal reinforcement, combined with the 
catalyst’s demonstrated reusability, highlights its potential 
as a durable and recyclable biocatalyst for high-temperature 
bioprocesses in the chemical, food, and pharmaceutical 
sectors.

The immobilized CALB exhibited a 20-fold increase 
in stability at 60 °C compared to its soluble counterpart, as 
indicated by the significantly higher SF. This pronounced 
improvement reflects the conformational restrictions 
imposed by multipoint covalent attachment, which 
minimize thermal fluctuations and protect the tertiary 
structure of the enzyme. In its soluble state, CALB 
possesses substantial conformational flexibility; while this 
flexibility is beneficial for substrate accommodation under 
mild conditions, it also renders the active site susceptible 
to irreversible unfolding at elevated temperatures. Upon 
immobilization, however, the enzyme becomes structurally 
reinforced: the formation of covalent bonds between surface 
lysine residues and the glutaraldehyde-activated APTS 
support generates a semi-rigid molecular scaffold that 
stabilizes the catalytic domain and preserves the geometry 
of the active site even under thermal stress.

The stabilization effects observed in the immobilized 
CALB can be attributed to both intermolecular cross-linking 
(enzyme-support bonds) and intramolecular conformational 
tightening within the enzyme itself.58 These interactions 

reduce the entropy of unfolding and protect critical structural 
motifs such as the α-helix surrounding the catalytic Ser105 
and the oxyanion hole that stabilizes transition states during 
catalysis. In essence, immobilization does not merely anchor 
the enzyme but reshapes its conformational energy landscape 
toward a more thermodynamically favorable, low-mobility 
state that resists denaturation.

Comparable stabilization effects have been documented 
by other researchers. Hu et al.56 reported the thermal 
deactivation of soluble and immobilized CALB on modified 
chitosan supports at 60 °C, obtaining half-lives between 
1.0 and 3.3 h for the immobilized forms, representing 
12‑33-fold improvements in stability relative to the soluble 
enzyme. Similarly, Monteiro et al.55 examined the thermal 
behavior of immobilized lipases and reported enhanced 
stability when compared to their soluble counterparts. 
Despite the lower temperature optimum, the immobilized 
enzyme retained its activity across a broader operational 
window (45-55 °C), reflecting greater structural robustness 
and slower deactivation kinetics.

These findings align closely with the results obtained in the 
present work, confirming that the APTS/GLU immobilization 
strategy effectively reproduces the protective effects seen 
in other hybrid systems. The enhanced thermostability 
observed here arises from a synergistic interplay between 
chemical cross-linking, microenvironmental modification, 
and molecular confinement. Together, these mechanisms 
underpin the superior durability of the MNs-CALB 
biocatalyst, making it an attractive candidate for high-
temperature or long-duration industrial applications.

Enantioselective esterification of racemic ibuprofen

To assess the catalytic performance and enantioselectivity 
of the immobilized enzyme, the MNs-CALB derivative 
was applied to the esterification of racemic ibuprofen 
with 1-propanol in cyclohexane. This reaction represents 
a benchmark test for lipase enantioselectivity and is 
particularly relevant to pharmaceutical synthesis, where the 
separation of R- and S-ibuprofen enantiomers determines 
both therapeutic efficacy and safety.

For comparison, identical reaction conditions were 
applied to the commercial biocatalyst Novozym 435, 
a well-established CALB preparation immobilized on 
a macroporous acrylic resin. The esterification rate 
(percentage of conversion) for both systems, summarized 
in Table 3, provides a direct measure of catalytic efficiency 
and stereochemical discrimination under equivalent 
operational environments. This comparative evaluation 
enables the quantitative assessment of how the custom 
magnetic derivative (MNs-CALB) performs relative to a 

Table 2. Thermal deactivation at 60 °C and pH 7 of soluble CALB 
(lipase  B from Candida antarctica) and MNs-CALB (lipase B from 
Candida antarctica immobilized on magnetite functionalized in APTS 
and activated with glutaraldehyde) derivatives 

Biocatalyst Kd / h-1 t1/2 / h
Stabilization 
factor (SF)

Soluble CALB 15.3 ± 366 0.051 −

CALB-IMNS 0.94 ± 18 1.0 20.0

Kd: deactivation rate constant; t1/2: half-life; CALB-IMNS: Candida antarctica 
lipase B immobilized on magnetic nanoparticles.
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commercial benchmark in terms of both reaction kinetics 
and enantioselective bias.

Beyond its intrinsic catalytic relevance, this experiment 
also serves to validate the functional integrity of the 
immobilized CALB after chemical modification and 
thermal stabilization. Demonstrating comparable or 
superior enantioselectivity relative to Novozym 435 
underlines that the immobilization process preserved 
the enzyme’s chiral recognition capability-an essential 
criterion for its application in asymmetric synthesis and the 
manufacture of optically pure pharmaceuticals.

As shown in Table 3, the time-course analysis of racemic 
ibuprofen esterification revealed distinct kinetic behaviors 
for the two immobilized enzyme systems. In the case 
of Novozym 435, aliquots collected at 24, 48, and 72 h 
confirmed the progressive formation of (R,S)-ibuprofen 
propyl ester, with the highest conversion occurring at 48 h. 
This profile is consistent with the known high accessibility 
and hydrophobic environment provided by the macroporous 
acrylic resin used in Novozym 435, which facilitates efficient 
substrate diffusion and product desorption in organic media.

In contrast, the custom MNs-CALB derivative exhibited 
a slower but steady reaction progression, achieving its 
maximum conversion of approximately 25% at 72 h. 
Although this value is lower than that achieved by the 
commercial preparation, the kinetic trend reflects a 
more gradual catalytic behavior, likely influenced by the 
physicochemical nature of the magnetic nanoparticle 
surface. The moderate hydrophilicity of the APTS/GLU-
functionalized magnetite may limit substrate partitioning at 
the enzyme-solvent interface, leading to a slower approach 
to equilibrium. Nonetheless, the continuous and sustained 
increase in conversion indicates that the enzyme remains 
catalytically active over extended reaction times without 

evidence of rapid deactivation-a desirable trait for long-
term or continuous-flow applications.

These kinetic differences underline the contrasting 
operational dynamics of the two systems. Novozym 435, 
optimized for high initial activity, tends to achieve rapid 
conversion but may suffer from faster performance decay 
due to diffusion limitations or partial desorption of enzyme 
molecules from its organic polymer matrix under prolonged 
use. In contrast, MNs-CALB displays a more controlled 
reaction profile, consistent with strong covalent anchoring 
and enhanced structural rigidity, which provide superior 
operational stability and reusability.

Beyond catalytic efficiency, the magnetic recoverability 
of MNs-CALB represents a substantial operational 
advantage. The ability to separate the biocatalyst from the 
reaction medium within seconds using a simple external 
magnet eliminates the need for filtration or centrifugation, 
minimizing product contamination and enzyme loss. This 
feature not only simplifies downstream processing but 
also significantly reduces operational costs and enhances 
the purity of the final product, which is critical for 
pharmaceutical-grade syntheses. Thus, while the conversion 
yield of MNs-CALB is slightly lower, its ease of recovery, 
recyclability, and process integration potential present 
tangible benefits for sustainable biocatalytic manufacturing.

Moreover, these findings align with literature reports 
emphasizing the superior efficiency of immobilized 
versus soluble lipases under similar esterification 
conditions. Ferreira et al.57 investigated the performance 
of soluble lipases for racemic ibuprofen esterification 
with 1-propanol and observed no detectable product 
formation within 24-72 h.59 In their study, the reaction only 
initiated after approximately 100 h, yielding 20 and 12% 
of (R,S)‑ibuprofen propyl ester after 250 h of reaction. In 
stark contrast, the immobilized CALB derivatives-both 
Novozym 435 and MNs-CALB-achieved comparable or 
higher conversions within one-third of that time frame.

These results unequivocally demonstrate that 
immobilization not only enhances enzyme stability but 
also accelerates reaction kinetics, even under non-aqueous 
conditions. The MNs-CALB system, in particular, combines 
catalytic competence with magnetic responsiveness, 
yielding a versatile and reusable nanobiocatalyst that 
meets the growing demand for efficient, clean, and easily 
recoverable enzymatic systems in fine chemical and 
pharmaceutical production.

Molecular docking

To gain molecular-level insights into the stereochemical 
preferences observed experimentally, molecular docking 

Table 3. Esterification of racemic ibuprofen catalyzed by different 
immobilized lipasesa

Biocatalyst time / h Conversion / %

Novozym®

24 69.00

48 98.00

72 99.40

MNs-CALBb

24 2.84

48 4.59

72 25.00

aReaction medium: racemic ibuprofen and 1-propanol (1:3, acid/alcohol) 
in organic medium (cyclohexane) at 37 °C (600 rpm) for 72 h. Immobilized 
enzyme activity per gram of support of 29.1 g using 80 Up-NPB g-1 enzyme 
load. bMNs-CALB (lipase B from Candida antarctica immobilized on 
magnetite functionalized in APTS and activated with glutaraldehyde) 
derivatives.
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simulations were performed following previously reported 
methodologies,60 with specific adaptations to the present 
system.61 This computational study aimed to elucidate 
the binding interactions and energetic behavior of both 
enantiomers-(R)-(−)-ibuprofen and (S)-(+)-ibuprofen-
within the active site of CALB.

Docking analyses provide a predictive framework 
for understanding how molecular orientation, steric 
accommodation, and hydrogen-bonding interactions 
govern the enantioselective esterification mechanism 
catalyzed by CALB. The active site of the enzyme, located 
in a shallow hydrophobic pocket near the catalytic triad 
(Ser105‑His224‑Asp187), is known to discriminate between 
substrate enantiomers through differential stabilization of 
transition states and orientation of the carboxyl moiety.

The results, summarized in Table 4, present the binding 
affinity energies (ΔG, kcal mol–1) and RMSD values for  
each enantiomer-enzyme complex. These parameters 
quantify both the thermodynamic stability of the binding 
interaction and the conformational reliability of the predicted 
docking poses. Lower binding energies indicate stronger 
affinity and a higher likelihood of productive catalysis, while 
RMSD values close to or below 2.0 Å confirm the geometric 
consistency and precision of the docking results.

By comparing the docking outcomes for (R) and 
(S)-ibuprofen, it is possible to correlate the observed 
experimental enantioselectivity with molecular recognition 
phenomena at the catalytic interface. The analysis also 
enables visualization of key hydrogen bonds, hydrophobic 
contacts, and electrostatic interactions between ibuprofen 
and the catalytic residues of CALB, offering a structural 
explanation for the preferential conversion behavior of 
the enzyme.

Thus, the molecular docking investigation complements 
the experimental esterification results, bridging 
macroscopic performance and microscopic mechanism. 
The integration of computational and experimental 
data strengthens the mechanistic understanding of the 
enantioselective biocatalysis process catalyzed by MNs-
CALB, reinforcing the rational design and optimization 
of next-generation immobilized enzyme systems for 
chiral synthesis.

The docking simulations revealed comparable RMSD 
values for (R)-(−)-ibuprofen and (S)-(+)-ibuprofen, 
indicating that both enantiomers can adopt stable and 
well-defined conformations within the CALB active site. 
However, the binding affinity energies (−6.8  kcal  mol–1 
for the (R)-enantiomer and −5.9 kcal mol–1 for the 
(S)‑enantiomer) highlight a distinct thermodynamic 
preference for the (R)-form. This difference, though 
subtle, reflects more favorable molecular interactions that 
stabilize the (R)-ibuprofen-CALB complex, consistent 
with the experimentally observed enantioselectivity during 
esterification.

The enhanced affinity of (R)-ibuprofen can be 
attributed to a more optimal spatial orientation of its 
carboxyl and aromatic moieties within the hydrophobic 
pocket that surrounds CALB’s catalytic triad. This 
orientation promotes stronger hydrogen bonding and van 
der Waals interactions with residues lining the active site, 
enabling tighter substrate anchoring and more efficient 
transition-state stabilization. Specifically, the carboxyl 
group of (R)-ibuprofen forms favorable electrostatic 
interactions with the oxyanion hole, typically involving 
Thr40 and Gln106, which stabilize the negatively charged 
tetrahedral intermediate during catalysis. In contrast, the 
(S)-enantiomer adopts a slightly less favorable orientation, 
resulting in weaker hydrogen-bond geometry and reduced 
electronic complementarity.

Consistent with the canonical mechanism of serine 
hydrolases, CALB’s catalytic triad-composed of Ser105, 
His224, and Asp187 (Figure 12)-plays a central role 
in facilitating the nucleophilic attack on the substrate’s 
carbonyl carbon.43 The docking results confirm that both 
enantiomers are positioned within the same catalytic 
pocket, yet only the (R)-ibuprofen aligns in a geometry that 
maximizes productive interactions with Ser105’s hydroxyl 
group, favoring acyl-enzyme intermediate formation and 
subsequent esterification with 1-propanol.

Beyond hydrogen bonding, hydrophobic and alkyl-
like interactions further contribute to the binding 
stabilization of the (R)-enantiomer. Key residues, including 
Ile189  (5.10  Å), Ala141 (4.47 Å), Leu144, and Val154, 
form a compact hydrophobic cluster that accommodates the 
aromatic ring and alkyl chain of the ibuprofen, promoting 
tighter packing within the hydrophobic channel of the 
enzyme. This spatial complementarity explains the slightly 
stronger ΔG value for the (R)-enantiomer, as these nonpolar 
contacts minimize solvent exposure and strengthen the 
overall binding energy through dispersion forces.

Taken together, the docking analysis provides a 
molecular rationale for CALB’s enantioselectivity in 
racemic ibuprofen esterification. The combination of 

Table 4. Molecular docking result with its dock scores

Compound
Energy affinity / 

(kcal mol-1)
RMSD / Å Lipase

(R)-(−)-Ibuprofen −6.8 < 2.0 
CALB

(S)-(+)-Ibuprofen −5.9 < 2.0 

CALB: lipase B from Candida antarctica; RMSD: root mean square 
deviation. 
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stronger hydrogen bonding within the oxyanion hole, 
optimized orientation toward the catalytic Ser105, and 
enhanced hydrophobic complementarity with residues 
such as Ile189, Ala141, Leu144, and Val154 collectively 
favor the conversion of (R)-ibuprofen. These findings 
establish a clear correlation between the computational 
and experimental results, demonstrating that binding 
energy differentials of less than 1 kcal mol–1 can decisively 
influence stereochemical outcomes in enzyme-catalyzed 
reactions.

In this context, each docking pose was carefully 
analyzed to identify productive conformations-that is, those 
in which the substrate is positioned within a Near Attack 
Conformation (NAC) compatible with nucleophilic attack 
by the catalytic serine on the electrophilic carbon of the 
substrate.62 A NAC is a critical geometric prerequisite for 
catalysis, representing a pre-transition-state arrangement 
in which the reactive atoms are correctly oriented for bond 
formation. In typical serine hydrolases such as CALB, the 
distance between the oxygen of Ser105 and the carbonyl 
carbon of the substrate should approximate 3.0 Å, while the 
O–C=O angle formed with the carbonyl oxygen generally 
lies between 60° and 90°, ensuring optimal orbital overlap 
for nucleophilic attack.63

Our computational analysis revealed that, for 
(R)‑(−)‑ibuprofen, the substrate adopts conformations 
that approximate this ideal geometry, facilitating the 
formation of a productive acyl-enzyme intermediate. 
Among the ten best docking poses, several exhibited weak 
NAC features, where the Ser105-carbonyl carbon distance 
slightly exceeded 3.2 Å and the O–C=O angle was below 
60° (Figure 12).64 Although these values deviate modestly 
from the canonical NAC parameters, they still suggest 
that the enzyme-substrate complex is geometrically viable 

and can proceed to catalysis after minor conformational 
adjustments.

For the (R)-enantiomer (Figure 12a), the active-
site geometry displayed a rich network of stabilizing 
interactions that collectively favor the formation of the 
acyl-enzyme complex. A hydrogen bond between the 
hydroxyl oxygen of Ser105 and the carboxyl oxygen of the 
substrate was observed at 2.24 Å, positioning the substrate 
for nucleophilic attack. An additional hydrogen bond 
involving Thr40 (2.64 Å) further stabilizes the substrate 
carbonyl within the oxyanion hole, reducing the activation 
energy required for acylation. Complementing these polar 
interactions, several hydrophobic contacts were identified 
between the substrate’s aromatic ring and residues Ile285 
(4.93 Å), Val154 (5.06 Å), Leu144 (5.30 Å), and Ala141, 
which help to anchor the ibuprofen moiety in a catalytically 
competent orientation. Moreover, a π-σ hydrophobic 
interaction was observed with Ile189 (3.82 Å), providing 
additional stabilization through dispersion forces.

In contrast, the (S)-(+)-ibuprofen configuration 
(Figure 12b) failed to establish productive interactions 
with the catalytic triad (Ser105-His224-Asp187), thereby 
explaining the low conversion of the S-enantiomer 
observed experimentally. Instead, the (S)-form adopted 
a less favorable orientation, characterized by a single 
hydrogen bond with Leu140 (2.52 Å)-a residue located 
outside the principal catalytic pocket. The absence of direct 
interactions with Ser105 and the oxyanion hole indicates a 
geometrically misaligned substrate, incapable of efficient 
acylation or transition-state stabilization.

Taken together,  these  findings  reveal  that 
enantioselectivity arises primarily from geometric and 
electronic complementarity between (R)-ibuprofen and the 
CALB active site. The (R)-enantiomer aligns its carboxyl 
group within the catalytic pocket to form both hydrogen-
bonding and hydrophobic interactions that approximate 
a NAC, while the (S)-form adopts an orientation that is 
sterically hindered and catalytically unproductive. This 
molecular distinction corroborates the experimental 
evidence of preferential formation of (R)-(−)-ibuprofen 
propyl ester, firmly linking docking predictions to observed 
reaction outcomes.

Conclusions

The systematic investigation of the experimental 
parameters demonstrated that the stirring rate, enzyme 
loading, glutaraldehyde concentration, and contact time 
exert a decisive influence on the immobilization efficiency 
and catalytic performance of CALB on Fe3O4 magnetic 
nanoparticles. The optimized biocatalyst, prepared under 

Figure 12. Three-dimensional representations of molecular docking 
studies of CALB with (a) (R)-(−)-ibuprofen, including both 2D and 3D 
views. The active site of CALB (lipase B from Candida antarctica) lipase 
is represented as sticks, featuring the catalytic Ser105 in green. (b) 2D and 
3D representations of CALB docked with (S)-(+)-ibuprofen.
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the conditions of 45 rpm, 80  U  g–1 enzyme load, 25% 
glutaraldehyde, and 1 h contact time, exhibited the highest 
derivative activity (29.1  ±  0.9  U g–1). These conditions 
provided an optimal balance between covalent anchoring 
and preservation of enzyme conformation.

Physicochemical characterization by VSM, SEM, and 
FTIR confirmed the successful functionalization of the 
magnetic nanoparticles and the stable immobilization of 
CALB on the APTS/GLU-activated surface. The resulting 
biocatalyst displayed excellent magnetic responsiveness, 
ensuring rapid and efficient recovery from the reaction 
medium through simple magnetic separation.

Thermal  inact ivat ion s tudies  revealed that 
immobilization improved the enzyme’s thermal stability 
by approximately 20-fold relative to its soluble form, 
evidencing that multipoint covalent attachment effectively 
restricts conformational mobility while maintaining 
catalytic integrity. This stabilization, combined with 
consistent reusability over six reaction cycles, highlights the 
robustness and practical applicability of the immobilized 
system for industrial biotransformations.

The immobilized CALB was further evaluated in 
the enantioselective esterification of racemic ibuprofen, 
confirming its catalytic competence and chiral discrimination 
capacity. The MNs-CALB derivative achieved 25% 
conversion at 72 h, with clear preference toward the 
(R)‑(−)-ibuprofen enantiomer. Molecular docking analyses 
corroborated the experimental findings, revealing that the 
(R)-enantiomer establishes multiple productive interactions 
with CALB’s catalytic triad (Ser105-His224-Asp187) and 
with Thr40 within the oxyanion hole, forming a geometry 
consistent with a NAC. In contrast, (S)-(+)-ibuprofen 
exhibited no effective alignment with the catalytic residues, 
explaining its limited conversion.

In summary, this study demonstrates that the  
APTS/GLU-functionalized Fe3O4 nanosystem is an 
efficient and magnetically recoverable support for CALB 
immobilization, combining high stability, reusability, 
and enantioselective capability. The integration of 
experimental and molecular modeling approaches provided 
comprehensive mechanistic insight into enzyme-substrate 
interactions, establishing a strong foundation for the rational 
design of next-generation magnetic nanobiocatalysts 
aimed at sustainable and selective synthesis of chiral 
pharmaceuticals.
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