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RESUMO

Biocatalisadores magnéticos unem as propriedades magnéticas com a atividade catalitica de
enzimas, oferecendo vantagens como facil recuperacao e reutilizagdo. Nesse sentido, esta tese
foi estruturada em trés capitulos principais. No primeiro momento, foi realizada uma analise
cienciométrica de 34.949 artigos, sendo refinados para 450. Catalogou-se periddicos, paises,
instituicdes, autores e artigos mais citados, identificando os hotspots. Palavras-chaves
revelaram cinco clusters, sendo o mais proeminente relacionado a producao de biocombustiveis
a partir de Oleos vegetais sustentdveis. No segundo momento, desenvolveu-se um
nanobiocatalisador magnético funcionalizado com polietilenimina (PEI) e grupos epoxi,
utilizado para imobilizar a lipase Eversa® Transform 2.0 (EVS), formando FesOs-PEI-
DGEBA@EVS. A otimizagdo aconteceu via planejamento Taguchi, alcangando um rendimento
de 95,04 £ 0,79% sob as condi¢des: 15 horas, 95 mM, 5 mg/g de carga proteica e 25 °C. O
suporte e o nanobiocatalisador foram caracterizados por FRX, MEV, MET, DRX, FTIR, TGA
e VSM. A capacidade maxima de carga foi de 25 mg/g, com estabilidade superior a 60 dias,
apresentando apenas 9,53% de perda de atividade. O nanobiocatalisador manteve 28% de sua
atividade a 70 °C, superando a enzima livre. Foi possivel esterificar dcidos graxos livres (AGL)
do 6leo de babagu, com eficiéncia de até¢ 97,91% e reutilizagao de 10 ciclos com rendimento
superior a 50%. A esterificacdo foi confirmada por RMN. E a viscosidade cinematica e
densidade a 40 °C foram de 6,052 mm?*/s e 0,832 g/cm?*. Estudos in silico demonstraram uma
afinidade de ligag¢do de -5,8 kcal/mol entre a EVS e o 4cido oleico, sugerindo uma intera¢ao
estavel substrato-enzima. No terceiro momento, o0 mesmo suporte foi utilizado para imobilizar
a lipase B de Candida antarctica (CALB), formando o nanobiocatalisador Fes;Os-PEI-
DGEBA@CALB. A imobilizacdo foi confirmada pelas mesmas técnicas. A enzima imobilizada
apresentou desempenho catalitico de 97% de rendimento e estabilidade operacional de 80% da
atividade apos 120 dias. O biocatalisador esterificou AGL do 6leo de tildpia, com a reagdo
confirmada por RMN e FTIR. Estudos teoéricos destacaram que a imobilizagdo promove
seletividade da enzima para 4cidos graxos saturados de cadeia longa, através de interacdes
hidrofébicas com residuos-chave do sitio ativo, como Leul40, Alal41 e Vall54.

Palavras-chave: biocatalisadores magnéticas; imobilizacdo; esterificagdo de AGLs;
modelagem computacional.



ABSTRACT

Magnetic biocatalysts combine magnetic properties with the catalytic activity of enzymes,
offering advantages such as easy recovery and reuse. In this context, this thesis was structured
into three main chapters. Initially, a scientometric analysis of 34,949 articles was conducted
and refined to 450. Journals, countries, institutions, authors, and the most cited articles were
cataloged, identifying research hotspots. Keyword analysis revealed five clusters, with the most
prominent related to the production of biofuels from sustainable vegetable oils. In the second
stage, a magnetic nanobiocatalyst functionalized with polyethyleneimine (PEI) and epoxy
groups was developed to immobilize the lipase Eversa® Transform 2.0 (EVS), forming FesOu-
PEI-DGEBA@EVS. Optimization was carried out using Taguchi design, achieving a yield of
95.04 + 0.79% under the following conditions: 15 hours, 95 mM, 5 mg/g protein loading, and
25 °C. The support and nanobiocatalyst were characterized by XRF, SEM, TEM, XRD, FTIR,
TGA, and VSM. The maximum loading capacity was 25 mg/g, with stability exceeding 60 days
and only 9.53% activity loss. The nanobiocatalyst retained 28% of its activity at 70 °C,
surpassing the performance of the free enzyme. It was able to esterify free fatty acids (FFAs)
from babassu oil with an efficiency of up to 97.91%, maintaining yields above 50% after 10
reuse cycles. Esterification was confirmed by NMR, and the kinematic viscosity and density at
40 °C were 6.052 mm?/s and 0.832 g/cm?, respectively. In silico studies demonstrated a binding
affinity of -5.8 kcal/mol between EVS and oleic acid, suggesting a stable substrate-enzyme
interaction. In the third stage, the same support was used to immobilize Candida antarctica
lipase B (CALB), forming the nanobiocatalyst FesOs-PEI-DGEBA@CALB. Immobilization
was confirmed by the same techniques. The immobilized enzyme exhibited a catalytic
performance with 97% yield and operational stability of 80% of its activity after 120 days. The
biocatalyst esterified FFAs from tilapia oil, with the reaction confirmed by NMR and FTIR.
Theoretical studies highlighted that immobilization promotes enzyme selectivity toward long-
chain saturated fatty acids through hydrophobic interactions with key active-site residues such

as Leul40, Alal41, and Vall54.

Keywords: magnetic biocatalysts; immobilization; FFA esterification; computational
modeling.
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CHAPTER 1

1 INTRODUCTION AND OBJECTIVES

1.1 Introduction

Industrialization and the advancement of new technologies have caused significant
impacts on the environment (Jawadi et al., 2025; Kakar et al., 2024). In response to these
challenges, various organizations and international agencies have been investing in cleaner and
more sustainable solutions, aiming to minimize the environmental damage associated with
production processes (Wang et al., 2024). The Sustainable Development Goals (SDGs),
established by the United Nations in 2015, form a global agenda with 17 targets aimed at
eradicating poverty, protecting the environment, and promoting economic development by
2030 (Winton et al., 2024). The production, development, and optimization of different
catalysts directly contribute to achieving some of these goals by enabling more efficient and
environmentally responsible processes.

Catalysts are substances that increase the rate of chemical reactions by lowering the
activation energy required. They operate through various mechanisms, such as the adsorption
of reagents on their surface, formation of intermediate complexes, or temporary changes in
oxidation state (Raju et al., 2024; X. Tang et al., 2025). Catalysts can be classified according to
their phase in relation to the reaction medium. In homogeneous catalysis, the catalyst is in the
same phase as the reactants, usually in solution, allowing for high activity and selectivity.
However, catalyst recovery and stability can be limiting factors. In contrast, in heterogeneous
catalysis, the catalyst and reactants are in different phases, such as a solid in a liquid or gaseous
medium (Fu et al., 2025; Jang et al., 2025). This form is widely used in industry due to its ease
of separation and resistance to harsh conditions, although it presents lower selectivity due to
limitations in the available active sites on the surface (Khoramian et al., 2024; Li et al., 2025).

In the search for increasingly sustainable processes, biocatalysts stand out due to their
biological origin such as enzymes or microorganisms and their high specificity and efficiency
even under mild reaction conditions (Bantihun et al., 2025; Katnic & Gupta, 2025). Unlike
heterogeneous catalysts, which operate through physicochemical interactions on surfaces,
biocatalysts act with molecular precision, leveraging the complex three-dimensional structures
of enzymes that enable selective transformations and catalytic specificity (Andrés-Sanz et al.,

2024).
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The global biocatalyst market was valued at USD 2.12 billion in 2023 and is projected
to reach USD 2.23 billion by 2032, exhibiting a compound annual growth rate (CAGR) of 0.6%
over the period. This market trend is growing exponentially as international agreements approve
measures for the transition to renewable energy sources (BUSINESS RESEARCH INSIGHTS,
2024). Major players in the materials and surface engineering sector already commercialize
well-established industrial biocatalysts, such as the Danish company Novozymes A/S, which
produces well-known products like Novozym® 435 and Lipozyme® RM IM, both used in the
production of biofuels and biolubricants.

In the pursuit of increasingly efficient processes, engineers and scientists research new
materials daily. Enzymes are better catalysts when their pH, temperature, and concentration
parameters are optimized (Azad et al., 2025; Bezzekhami et al., 2025). In this context, enzyme
immobilization on specific materials emerges as a solution for obtaining more efficient
biocatalysts. Various materials can be studied for enzyme immobilization, ranging from natural
and synthetic polymers to inorganic or hybrid materials. However, one highly researched area
is enzyme immobilization on nanometric materials (Patil et al., 2025; Sood et al., 2025).
Nanoparticles offer an extremely high surface area, allowing for greater enzyme loading and
better substrate accessibility (Ulu et al., 2025; Zhang et al., 2024). This level of control allows
nanomaterials to be designed with specific properties through modulation of their synthesis.
Furthermore, their small size favors better dispersion in the reaction medium and increases the
exposure of active sites. In this sense, these nanocatalysts can be reused through methods such
as filtration, centrifugation, or extraction, standing out as versatile and sustainable solutions in
catalytic processes (Kaur et al., 2024; Yadav et al., 2024).

Another recovery method for these biocatalysts gaining attention in the scientific
community is the use of an external magnetic field, as in the case of magnetic nanoparticles
(MNPs) used for immobilization. MNPs exhibit a phenomenon called superparamagnetism,
which allows them to behave as temporary magnets in the presence of an external magnetic
field typically occurring in nanoparticles smaller than 30 nm (Fan et al., 2025). Due to their
small size, each nanoparticle has a single magnetic domain and enough thermal energy to
spontaneously flip the direction of its magnetic moment over time, meaning they do not retain
permanent magnetism (Yang et al., 2025).

Although this type of separation was initially limited to materials containing elements
such as iron, cobalt, and nickel, advances in materials engineering have allowed the expansion
of their applications (Sadjadi, 2019; Sadjadi, 2019). Techniques such as chemical

functionalization, doping, core-shell structure formation, and conjugation with specific
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molecules have enabled the development of nanobiocatalysts with tunable features for different
applications (Perera et al., 2024). Nanometric-scale materials engineering is a rapidly evolving
field, with numerous possibilities still underexplored, offering enormous potential for
enhancing sustainable and efficient catalytic processes.

It is within this thematic line of magnetic biocatalysts that this thesis is constructed.
Chapter II presents an advanced bibliometric analysis and an overview of the field of magnetic
biocatalysts, highlighting recent research advances. Using the Web of Science (WoS) database,
34,949 publications were analyzed and refined down to 450 relevant articles. The thematic and
keyword analysis revealed five main clusters, with the most prominent research area related to
obtaining biofuels from different types of sustainable vegetable oils.

Based on this overview, Chapter III presents an experimental investigation proposing a
novel magnetic support for enzyme immobilization. Magnetic nanoparticles functionalized
with polyethyleneimine (PEI) and activated with epoxy groups were used to immobilize
Eversa® Transform 2.0 lipase (EVS), with optimization of the parameters using the Taguchi
method. The support and biocatalyst were characterized using various techniques, and the
system’s performance was evaluated in terms of immobilization efficiency, pH, temperature,
storage time, and application in the esterification of fatty acids from babassu oil to produce a
biolubricant. The study also included computational analyses using molecular docking and
molecular dynamics.

Chapter IV uses the same material developed in the previous chapter for the
immobilization of Candida antarctica lipase B (CALB). After similar characterizations, the
biocatalyst was applied in the esterification of fatty acids from tilapia oil to produce a biofuel.
This system was also analyzed through computational tools.

Chapter V presents the general conclusions of the thesis, while Chapter VI compiles the
scientific articles published during the development of the research. Finally, the references used

throughout the work are presented.
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1.2 Thesis objectives

This thesis aimed to develop and apply functionalized magnetic nanobiocatalysts for

enzyme immobilization in heterogeneous catalysis reactions focused on the synthesis of

biolubricants and biofuels from vegetable oils. The specific objectives were:

L

ii.

iii.

1v.

To perform a bibliometric analysis of the field of magnetic nanobiocatalysts.

To develop and optimize a magnetic nanobiocatalyst with Eversa® lipase (FesO4-PEI-
DGEBA@EVS) and evaluate its catalytic efficiency in the esterification of free fatty
acids (FFA) from babassu oil.

To develop a second nanobiocatalyst with Candida antarctica lipase B (FesO4-PEI-
DGEBA@CALB) and evaluate its catalytic efficiency in the esterification of FFAs from
tilapia oil.

To apply molecular modeling tools (docking and molecular dynamics) to investigate
substrate—enzyme interaction mechanisms and elucidate structural aspects related to the

selectivity and catalytic efficiency of the immobilized lipases.
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CHAPTER II!

2 RECENT APPLICATIONS AND FUTURE PROSPECTS OF MAGNETIC
BIOCATALYSTS

Abstract

Magnetic biocatalysts combine magnetic properties with the catalytic activity of enzymes,
achieving easy recovery and reuse in biotechnological processes. Most are formed by lipases
immobilized by magnetic nanoparticles. This review covers an advanced bibliometric analysis
and an overview of the area, elucidating research advances. Using WoS 34,949 publications
were analyzed and refined to 450. The main journals, countries, institutions and authors that
published the most were identified. The most cited articles showed research hotspots. The
analysis of the themes and keywords identified five clusters and showed that the main field of
research is associated with obtaining biofuels derived from different types of sustainable
vegetable oils. The overview on magnetic biocatalysts showed that these materials are also
employed in applications related to biosensors, photothermal therapy, environmental
remediation and medicine. The industry shows a significant interest with the number of patents
increasing over the years. Future studies should focus on the immobilization of new lipases in
new materials with magnetic profiles, aiming to improve even more the efficiency of the

different applications.

Keywords: magnetic biocatalysts, lipase, immobilization, magnetic nanoparticles, feedstock.
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2.1 Introduction

Lipases (EC 3.1.1.3) are a class of enzymes that catalyze the hydrolysis of triglyceride
acylglycerol, which is a typical single-subunit folded glycoprotein (Liu et al., 2022; Rabbani et
al., 2023). Its natural substrate is long-chain fatty acid esters, which can catalyze the hydrolysis
of fats and oils to produce glycerol, fatty acids, and glycerol diesters or monoesters (Chen et
al., 2023; Nadiah et al., 2022; Nietz et al., 2022). In addition to hydrolysis reactions, this type
of enzyme can catalyze esterification, transesterification, and ammonolysis reactions (Harini et
al., 2018; Qin et al., 2022; Zhang et al., 2023). Lipase has only one active site in its structure,
the catalytic triad, located at the end of the enzyme’s surface, as shown in Figure 1. This region
enables the lipase to carry out the catalysis process. The enzymatic activity is directly linked to
the three-dimensional and chemical integrity of this region (Casas-Godoy et al., 2012;
Grochulski et al., 1993; Rodriguez-Salarichs et al., 2021).

Figure 1 — Representation of the three-dimensional structure of Candida rugosa lipase obtained from
PDB, showing its catalytic triad responsible for enzymatic activity.

A

Open form Closed form
PDB: 1CRL PDB: 1TRH

Source: the author.

These catalysts have a range of applications in processing fats and oils, food,

cosmetics, pharmaceutical preparations, biosensors, photothermal therapy, environmental
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remediation, medicine, biolubricants, and biofuels (An et al., 2015; Califano et al., 2015;
Kashefi et al., 2019; Luo et al., 2022; Martinez et al., 2022; Nadar et al., 2020). Such
applications mean that the circular bioeconomy based on lipases is continuously growing
(Cuadrado-osorio et al., 2022). The global lipase market is projected to grow to US$466.29
million by 2024, with compound growth of approximately 7.6%. In 2019 it already represented
approximately $336.09 million, accounting for around 11.6% of the food enzyme market, which
was estimated at $29.07 billion (Kim et al., 2023b). The commercial lipases that participate in
this circular economy originate mainly from microbial sources (bacteria, yeasts, and fungi),
animals, and plants, as such enzymes have good thermostability characteristics, as well as
versatility, availability, and ability to be produced on a large scale (Long-yu et al., 2020;
Nimkande & Bafana, 2022; Zouari et al., 2005). Microbial lipases have the largest market share,
with approximately 92% of total demand (Kim et al., 2023b). However, some economic
limitations on the use of lipases result from their being available in free form, making it
impossible to recover them from the reaction medium after use (Remonatto et al., 2022).

Enzyme immobilization is a technique that makes it possible to overcome economic
barriers related to the cost of enzymatic catalysis, solve problems of enzymatic recovery, and
even improve catalytic stability, increasing control of the reaction and avoiding contamination
of the products by the enzyme (Remonatto et al., 2022). Several methods and supports for the
immobilization of enzymes have been studied. The various immobilization techniques serve to
stabilize the enzyme while maintaining its activity (Mehta et al., 2016; Yamaguchi & Miyazaki,
2023). The techniques most studied by scientists are adsorption, covalent bonding, and cross-
linked aggregates (Drtina et al., 2005; Panchal et al., 2022; Xing et al., 2022; Zdarta,
Jesionowski et al., 2023; Zhou et al., 2022). All of these techniques require the selection of an
appropriate support to immobilize the enzyme. These are chosen according to their properties
and desired characteristics, including low cost, biocompatibility, free surface, insolubility,
thermal stability, and binding sites (Izzati et al., 2021). However, the supports chosen for
immobilization can often be modified and coated with other more active materials, thus
obtaining more desirable characteristics for lipase binding. An example of this is the use of
activated magnetic nanoparticles, which offer low cost and good reusability when attached to a
stable surface for enzyme immobilization (Sadeghi et al., 2023).

Magnetic nanoparticles (MNPs) have suitable characteristics for potential enzymatic
immobilization, including biocompatibility, low toxicity, and high specific surface area, in
addition to superparamagnetic properties, which allow them to be quickly recovered from the

reaction medium (Fortes et al., 2017). The use of isolated MNPs for enzyme immobilization is
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inefficient, as they do not have a range of active sites where immobilization can take place, in
addition to having a high tendency to form agglomerates and thus lose their ability to disperse
in the reaction medium (Yu et al., 2022). However, researchers have already found very good
solutions to this problem, covering MNPs with polymeric materials such as polyethyleneimine
(PEI) (Bezerra et al., 2020; Khoobi, Motevalizadeh et al., 2015) and activating them with
several other materials such as glutaraldehyde (Khoobi, Motevalizadeh et al., 2015; Monteiro
et al., 2019), epoxy groups (Bezerra et al., 2020; Gennari et al., 2020), and glyoxyl (Santos et
al., 2015; Mendes et al., 2014; Morellon-sterling et al., 2021). Thus, MNPs used as supports for
enzymes offer exceptional immobilization stability properties, as well as low production cost
and low operating costs, since they can be reused (Bezerra et al., 2020; Fortes et al., 2017;
Khoobi, Motevalizadeh et al., 2015; Yu et al., 2022).

For these reasons, research interest in lipases immobilized by magnetic nanoparticles
has been gradually increasing. A search for free lipases on the Web of Science (WoS) returned
an average of approximately 2,688 articles published annually between 2010 and 2022, while
searches for immobilized lipases and lipases immobilized by magnetic nanoparticles returned

annual averages of approximately 300 and 34 articles, as shown in Figure 2.

Figure 2 — Annual publications on lipase, immobilization, and magnetic nanoparticles, from 2010 to
2022.
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To understand the development of research on magnetic biocatalysts obtained by

lipases, this study aims to map the body of knowledge in this area. For this purpose, an advanced
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bibliometric analysis is carried out, observing the performance indicators (newspapers,
countries, magazines and authors that publish most in the area) the formation of clusters by
analysis of keywords and themes, obtaining a future perspective and paths that the research is
following (Mehmood et al., 2023; Ranjbari et al., 2022; Riquelme et al., 2023; Sales et al.,
2022). The analysis was based on the WoS database between the years 2010-2022 and
evaluated 34,949 publications which was refined to 450 publications, restricting to magnetic
biocatalysts obtained by lipases. After this step, an overview of magnetic biocatalysts evaluates
the most common synthesis processes and characterizations, applications, advantages and

disadvantages, some used reactors and related patent deposits.

2.2 Methodology

In this study, a systematic bibliometric review analysis adapted from previous studies

(Sales et al., 2022). The Web of Science (WoS) database (https://www.webofscience.com/) was

used to perform the analysis, being considered a high-quality tool and the most useful for
generating citation data (van Eck & Waltman, 2010).

The bibliometric analysis began with the identification of an initial database of relevant
publications. This was obtained by searching for the keyword “lipase” in documents from the
period 2010-2022, defined as “articles”, “review articles” and “procedural papers”, and having
English as their language. A set of 34,949 publications was obtained in this initial analysis.
Subsequently, two additional screenings were carried out, including the keyword
“immobilization”, where the analysis was refined to 3,910 publications, and the keywords
“magnetic nanoparticles”, leading to a final set of 445 publications.

Based on these refined result sets, the study aims to answer the following research
questions (RQs): What is the pattern of cooperation between journals, countries, institutions,
and authors? What are the most influential works in this field? What are the current themes in
the existing literature? What might be the agenda for future research in this field?

The search strategy used to identify the most relevant data, the methods of analysis and

the research questions are presented in Figure 3.
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Figure 3 — Structure representing the search and analysis criteria.
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The software products used to perform and catalog the bibliometric analysis were

VOSviewer (version 1.6.18) (https://www.vosviewer.com/), Cite Space (version 6.1.R2)

(https://www.citespace.podia.com/), Bibliometrix through the Biblioshiny interface (version

3.0) (https://www.bibliometrix.org/), and Microsoft Excel and Word spreadsheets (Microsoft
Office Professional Plus, 2019).

VOSviewer was used to build the bibliometric maps, allowing better visualization of the
analyses obtained through database searches (Mehmood et al., 2023). The software allows the
import of map data from journals, countries, institutions, and authors, based on citation data,
co-citations, and keyword maps, creating clusters capable of being understood and analyzed.
CiteSpace predicts trends in research areas using keywords and identified clusters (Riquelme
et al., 2023). Bibliometrix works in conjunction with CiteSpace, predicting trends in research
areas, in addition to creating a thematic map of the field (Shome, Hassan, Verma, & Ranjan,

2023). Spreadsheets were used to catalog the results obtained.

2.3 Results and Discussion

2.3.1 Results concerning publications

The initial search on the Web of Science for the keyword “lipase” returned a total of
34,949 articles. When the keyword “immobilization” was added, 3,910 articles were found, and
on adding the keyword “magnetic nanoparticles” (the final refinement) we obtained 445

articles. The most relevant title was “A general overview of support materials for enzyme
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immobilization: characteristics, properties, practical utility” published in February 2018 by
Zdart et al. (Characteristics, 2018), which provides an overview of the characteristics and
properties of the materials used for the immobilization of enzymes. The number of publications
on magnetic nanoparticles (MNPs) as immobilizers of lipases is much lower than for lipases
immobilized on other materials. In 2010 the number of publications on MNPs as lipase
immobilizers was only 5. A peak was reached in 2019 with 63 articles, and in the last year of
the analysis (2022) the total was 33 articles. The increased interest in this type of magnetic
support is due to the possibility of recovering it quickly from the reaction mixture by applying
an external magnetic field (Cao et al., 2021). The importance of this factor is confirmed in

several of the publications identified in this study.

2.3.2 Distribution of scientific journals, countries, institutions, and authors

Articles on lipases immobilized by magnetic nanoparticles were published in 170
journals between 2010 and 2022, giving an average of 2.6 articles per journal per year. There
is great interest in research on MNPs as lipase immobilizers, and the variety of the studies
undertaken by different research groups shows that the immobilization of lipases on magnetic
supports can be approached from different standpoints, especially given that the surface of the
nanoparticles can be modified with other materials that are more reactive with enzymes,
generating a range of reported products with remarkably different characteristics (Ge et al.,
2023).

Table 1 shows the ranking of the ten journals, countries, institutions and authors that
published the most. The number of citations and the average citations per publication are also
shown. Among the ten journals that published the most, a quantitative analysis shows that these
represented 30.5% of the total number of publications in the area studied. The journal with the
highest number of publications and citations is the Dutch journal International Journal of
Biological Macromolecules, with a total of 39 publications, 1430 citations and an average of
36.67 citations per publication. The Journal of Molecular Catalysis B: Enzymatic, although
having a smaller number of publications, managed to obtain the highest average of citations per
publication with a total of 65.86. Database analysis also provides information on the countries
of origin declared by the corresponding authors of published articles. The country that obtained
the highest number of publications was China with a total of 188 publications (42.2% of the
total) and obtaining an impressive 5,489 citations, Iran and India appeared in second and third

place with 60 publications and 2,005 citations and 54 publications and 1,252 citations,
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respectively. Among the first three countries, Iran obtained the highest average of citations per
publication, obtaining 33.42. According to the affiliation of the corresponding authors, the first
three institutions that published the most were all Chinese, namely the Chinese Academy of
Sciences, Jiangsu University and Lanzhou University, these obtained 19 publications (4.2% of
the total) and 676 citations, 15 and 491, 14 and 680, respectively. Lanzhou University was the
institution that obtained the highest average of citations per publication, obtaining 48.57. The
three authors who published the most were Roberto Fernandez-Lafuente, Mohammad Ali
Faramarzi and Ye-Wang Zhang, obtaining 11, 10 and 10 publications (all with approximately
2.2% of the total) and 348, 337 and 259 citations. Among the three, the one with the highest
average of citations per article was Mohammad Ali Faramarzi with 33.70.

Figure 4 presents more data on the journal that published the most. Fig. 4 - (A) shows
the highest impact factors H of the ten articles that most published in the area of lipases being
immobilized by magnetic nanoparticles. The International Journal of Biological
Macromolecules again led the ranking, having a very high impact factor in the area, with a
value of 25. Catalysts and the Journal of Molecular Catalysis B: Enzymatic were again in
second and third place, with the impact factor impact H of 13. From the fourth journal onwards,
we observed a difference in the ranking of the impact factor H for the ranking of journals that
published the most. Fig. 4 - (B) shows the growth in the number of publications between 2010
and 2022 of the journals that published the most about the area, again we observe the same
journals occupying the first three places. In this sense, we can conclude that the International
Journal of Biological Macromolecules, Catalysts and the Journal of Molecular Catalysis B:
Enzymatic are currently the main journals in the area of lipases immobilized by magnetic

nanoparticles.

Table 1 — Ranking of the top ten journals, countries, institutions and authors that most published and
were most cited, according to the database obtained from WoS with the keywords “lipase” and
“immobilization” and “magnetic nanoparticles” in the period from 2010 to 2022.

Ranking NP NC AC
Journals

1 International Journal of Biological Macromolecules 39 1430 36,67
2 Catalysts 19 797 41,95
3 Journal of Molecular Catalysis B: Enzymatic 14 922 65,86
4 Journal of Chemical Technology and Biotechnology 13 237 18,23
5 Applied Biotechemistry and Biotechnology 12 188 15,67
6 Bioprocess and Biosystems Engineering 12 246 20,50
7 Biochemical Engineering Journal 11 390 3545
8 Journal of Nanoscience and Nonotechnology 11 109 9,91

9 Molecules 9 190 21,11
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10 Process Biochemistry 9 167 18,56
Country
1 China 188 5489 29,20
2 Iran 60 2005 33,42
3 India 54 1252 23,19
4 Brazil 37 1386 37,46
5 Turkey 31 784 25,29
6 USA 22 705 32,05
7 Spain 17 468 27,53
8 Mexico 13 646 49,69
9 South Korea 12 254 21,17
10 Saudi Arabia 12 261 21,75
Institutions
1 Chinese Academy of Sciences 19 676 35,58
2 Jiangsu University 15 491 32,73
3 Lanzhou University 14 680 48,57
4 University Tehran 13 285 21,92
5 University Tehran of Medical Sciences 13 391 30,08
6 Universidade Federal do Ceara 11 523 47,55
7 University of Isfahan 11 500 4545
8 Huaiyin Institute of Technology 10 514 51,40
9 Islamic Azad University 10 306 30,60
10 Nanjing Tech University 10 340 34,00
Authors
1 Fernandez-Lafuente, Roberto 11 348 31,64
2 Faramarzi, Mohammad Ali 10 337 33,70
3 Zhang, Ye-Wang 10 259 25,90
4 Bilal, Muhammad 9 508 56,44
5 Hkhoobi, Mehdi 9 350 38,89
6 Yan, Yunjun 9 284 31,56
7 Li, Yanfeng 8 388 48,50
8 Yilmaz, Mustafa 8 196 24,50
9 Shafiee, Abbas 7 315 45,00
10 Hu, Yi 7 243 34,71
Note: NP = number of publications; NC = number of citations; AC = average citations
(NC/NP).

Source: the author.
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Figure 4 — Main journals that published between 2010 and 2022 in the area of lipases immobilized by
magnetic nanoparticles. (A) Ranking of the impact factor H of the ten journals that published the most
in the area. (B) Growth in the number of publications of the journals that published the most in the area.
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Figure 5 presents the bibliometric data of the countries, institutions and authors who
published the most and who were most cited in the area. Fig. 5 - (A) shows the geocoded
location of each publication. The document number is higher than that presented in the database
due to the joint publication between the authors. The number of publications is shown with
large concentrations in Asia, Europe, North America and South America, especially in Brazil.
It also shows the different regions of each country where the articles were published. Fig. 5 -
(B) presents a map of the collaboration network between the countries identified with at least
five citations. We can see the formation of three large networks, in green, red and blue. China
stands out as the country with the highest level of collaboration, followed by Iran, India and

Brazil. The authors of the articles on the subject under analysis came from 51 countries and 455
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institutions, evidencing the broad interest in the area. Of the 51 countries, only 11 had ten or
more publications and only 6 had twenty or more, indicating a concentration of research in a
small set of countries: China, Iran, India, Brazil, Turkey and the United States.

Fig. 5 - (C) shows the number of articles published by each institution, considering the
collaboration between them (different from that shown in Tab. 1, which considers data from
the corresponding authors). Tehran University of Medical Sciences leads with 70 articles,
followed by Jiangsu University with 46 articles and Universidade Federal do Ceard with 33
articles. Fig. 5 - (D) shows the collaboration network map between institutions with at least five
citations. We can see four large groups, in red with the Chinese Academy of Sciences
highlighted, in green with the Lanzhou University highlighted, in blue with the Tehran
University of Medical Sciences and in yellow with the Universidade Federal do Ceara. In
which, we can conclude that these four institutions are highlighted in the area in question.

Fig. 5 - (E) shows the authors' publications over the analyzed period. It is possible to
observe the constancy of publications by the authors on the subject. Yanfeng, for example,
appears to be a very constant author in his publications, although not being the author with the
highest number of publications, he had publications in almost all years of analysis. Authors
Fernandez-Lafuente, and Bilal, authors who presented the highest number of publications, had
a higher concentration of articles published in the last 6 years. Fig. 5 - (F) map of the
collaboration network among the authors who published the most with at least five citations.
Five large groups are observed, denoted by the colors red, green, yellow, blue and purple,
consisting of 10, 10, 8, 6 and 6 institutions, respectively, indicating collaborative work between
these institutions. In all, 1,736 different authors were identified. However, when refining to
authors with at least five citations, the number drops to 32 authors. The authors who published
the most significant numbers of articles on the subject were Fernandez Lafuente (11 articles,
348 citations), Mohammad Ali (10 articles, 333 citations) and Ye-Wang (10 articles and 259
citations), being these the authors highlighted in the area in question. The most cited article by
the most published author in the area is “Lipase immobilization via cross-linked enzyme
aggregates: problems and prospects — A review,” which reviews work on the preparation of
cross-linked enzyme aggregates (CLEAs) from lipases, this being a desirable immobilization
method due to the simplicity of preparation, non-use of supports, and the possibility of using
crude enzymatic extracts (Sampaio et al., 2022).

Figure 6 makes a correlation between the countries, authors and institutions that

published the most in the area. We can observe that China leads in an absulative way in the
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number of publications, where many authors and institutions, even though they are not declared

Chinese, partner with the country in question. Iran and Brazil appear in second and third place.

Figure 5 — Main countries, institutions and authors who published between 2010 and 2022 in the area
of lipases immobilized by magnetic nanoparticles. (A) Geocoded location of each publication. (B) Map
of the collaboration network among the countries identified with at least five citations. (C) Publication
by each institution, considering collaboration. (D) Map of the collaboration network between institutions
identified with at least five citations. (E) Authors publications over the analyzed period. (F) Map of the
collaboration network between the authors identified with at least five citations.
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Figure 6 — Graph of three campuses, listing countries, authors and institutions.
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2.3.3 The most cited articles

The 10 most cited articles on the subject of lipases immobilized by MNPs are listed in
Table 3. The most cited article was mentioned above in section 3.1.1. The second most cited
article, “Superparamagnetic nanoparticles as versatile carriers and supporting materials for
enzymes,” was published in 2013 by Netto et al. (Netto et al., 2013) in the Journal of Molecular
Catalysis B: Enzymatic, and reports on the recent use of superparamagnetic nanoparticles based
on magnetite (Fe3O4) and maghemite (y-Fe>O3) as support materials for enzymes, exhibiting
remarkable properties such as large surface area, mobility, and high mass transfer. The third
most cited article was published in 2018 by Bilal et al. (Bilal, Zhao, et al., 2018) in the journal
with the most citations in this subject area (see Table 1), the International Journal of Biological
Macromolecules. That article also presents an updated view on the development and
characterization of MNPs, particularly nano constructions derived from MNPs with an iron
base as support materials for enzyme immobilization. A relationship may be noted between the
most cited articles and the most prolific journals listed in Table 1; however, six journals
appearing in Table 3 (those ranked 4, 5, 6, 7, 8 and 10) are not among the most cited. The
Journal of Molecular Catalysis B: Enzymatic is notable for having two articles among the 10
most cited. One of the notable characteristics of the most cited articles is their time of
publication: most of them were published more than five years ago, indicating that interest in

work related to lipases immobilized on MNPs remains high.
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Table 2 — Most cited articles from the last 10 years on lipases immobilized by magnetic nanoparticles.

Rank Article Title Journal Y.P. Cit Ref.
A general overview of support
materials for enzyme (Characteristics,
I immobilization: z’haracteristics, Catalysts 2018 451 2018)
properties, practical utility
Superparamagnetic nanoparticles ﬁgg?;igf
2 as Versqtile carriqrs and Catalysis 2013 230 (Netto, 2013)
supporting materials for enzymes B: Enzymatic
Magnetic nanoparticles as International
3 versatile (‘:arriers'fhor ‘ Jqurna? of 2018 215 (Bilal, 2018)
enzymes immobilization: Biological
a review Macromolecule
Application of magnetic .
4 n;)rfoparticles in sn%art enzyme Biotechnology 2016 214 (Vaghari, 2016)
. e . Letters
immobilization
Facile, high-efficiency
immobilization of lipase enzyme Bme
5 on magnetic iron oxide . 2011 213 (Ren, 2011)
. ] Biotechnology
nanoparticles via a
biomimetic coating
Journal Of
6 Current status and trends in Molecular 2014 196 (Cipolatti et al.,
enzymatic nanoimmobilization  Catalysis 2014)
B-Enzymatic
Preparation of magnetic chitosan Zdus trla{ & 7 t al
7 nanoparticles as support for NSMECTINE 2014 159 (Zang etal,
cellulase immobilization Chemistry 2014)
Research
Nanobiotechnology as a novel
paradigm for enzyme Applied
immobilization and Microbiolo
8 stabilization with potential And ¥ 2013 158 (Verma, 2013)
applications in biodiesel Biotechnology
production
Immobilization of cellulase
enzyme on superparamagnetic Cher.mcal‘ (Khoshnevisan,
9 nanoparticles and Engineering 2011 157 2011)
determination of its activity and Journal
stability
Enzymatic production of
biodiesel from soybean oil
by using immobilized :
10 lipase on FesO4/Poly ?Zj;fy & 2014 149 %ﬁf‘ wang,

(styrene-methacrylic acid)

magnetic

microsphere as a biocatalyst

Source: the author.
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2.3.4 Research topics

The articles from 2010 to 2022 identified in the WoS database as relating to lipases
immobilized by MNPs were assigned to 23 different areas of knowledge. Many articles are
included in more than one area of research, and 11 of these areas have fewer than ten articles
assigned to them. Figure 7 presents the five leading research areas, accounting for around 73%
of the published articles. “Chemistry” proved to be the most common research area, with 231
articles involving processes of functionalization and activation of MNPs for the stable
immobilization of lipase enzymes. The next research areas were “Biotechnology Applied
Microbiology” and “Biochemistry Molecular Biology” with 131 and 111 published articles
respectively, involving processes such as transesterification and esterification of fatty acids.
“Engineering” ranked fourth with 96 articles, relating to topics in biofuel production and
biocatalysis. “Materials Science” included 68 articles related to the doping or modification of
MNPs with various other materials, such as silica, carbon nanotubes, and graphene.

There is excellent research potential in biofuels, with several articles in different areas
describing proposals for enzymatic catalysis of vegetable oils to obtain biodiesel. The
significant relationship between biofuels and engineering shows that the market has been
energetically seeking efficient solutions to replace fossil fuels with biodegradable raw
materials. An example is the article by Tougeer et al. (Tougeer et al., 2020) published in the
journal Energies under the title “Fe;O4-PDA-lipase as surface functionalized nano biocatalyst
for the production of biodiesel using waste cooking oil as feedstock: characterization and
process optimization” — this describes a biocatalyst (Fe;Os-PDA-lipase) capable of producing

biodiesel from cooking oil with an optimized yield of 92%.



38

Figure 7 — Distributions of research areas for articles on lipases immobilized by magnetic nanoparticles.
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2.3.5 Classification by research topic

There is a wide variety of materials that directly influence the production of the
magnetic biocatalyst. Figure 8 shows biocatalyst production routes, classified by the choice of
lipase and how it is to be immobilized, and how the magnetic nanoparticles are functionalized
and activated to stabilize the enzyme. Each form of immobilization has its particular properties,
as exemplified by the various immobilization yields reported in the literature. Bezerra et al.
(Bezerra et al., 2020) immobilized Thermomyces lanuginosus lipase (TLL) on an Fe3;O4 support
functionalized with polyethyleneimine (PEI) and activated with divinyl sulfone, and obtained a
100% immobilization yield in phosphate buffer (pH 10 and 1 h), while Silva et al. (Silva et al.,
2023) immobilized the same enzyme using as a support a Streamline Phenyl Resin
functionalized with PEI and activated with glutaraldehyde, and achieved an immobilization
yield of only about 51% in phosphate buffer (pH 7 and 2 h). It can be concluded that the choice
of support greatly affects the yield of immobilization.
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Figure 8 — Different ways to produce magnetic biocatalysts. The parts of the image depict four variables:
selected lipase, immobilization route, type of magnetic nanoparticle and doping of other nanoparticles,
and type of functionalization and activation of the nanoparticles.
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The ability of lipases to hydrolyze fatty acids at specific positions of the glycerol chain
in the structure of triglycerides is related to their regiospecificity, which can be classified as sn-
1,3-specific, sn-2-specific, or nonspecific. The sn-1,3-specific lipases hydrolyze ester bonds at
the sn-1 and sn-3 positions (some examples are Aspergillus niger, Mucos miehei, Rhizomucor
miehei, RML), while the sn-2-specific lipases hydrolyze the ester bonds at the position sn-2,
and the nonspecific enzymes (Pseudomonas cepacia, Pseudomonas fluorescens and Candida
rugosa) act at random positions of the glycerol chain (Kapoor & Gupta, 2012; Monteiro et al.,
2021; Remonatto, Miotti, et al., 2022). These different characteristics generate a wide range of
options for lipases subject to immobilization on specific supports to form biocatalysts that can
be applied in various biotechnological processes (Silva et al., 2020; Palma et al., 2021; Liu et

al., 2020; N4jera-Martinez et al., 2022) in the synthesis of esters of industrial interest
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(Bayramoglu et al., 2022; Cabezas et al., 2022; Sun et al., 2022), biofuels (Ashwini John et al.,
2023; Fan et al., 2016; Zhang et al., 2021) and biolubricants (Abd Wafti et al., 2022; Akerman
et al., 2011; Cavalcanti et al., 2018), among others (Chakraborty et al., 2023; Tan et al., 2023).

In recent years, Novozymes S/A (Denmark) has launched specific enzymes for use in
the industrial production of biodiesel, such as Callera™ Trans L and Eversa® Transform 2.0
(both derived from Thermomyces lanuginosus lipase, TLL) (Cesarini et al., 2013; Poppe et al.,
2015). Eversa® Transform 2.0 has attracted much attention for its low market price
(approximately US$20.0/kg) and its ability to act on raw materials regardless of the free fatty
acid content, which provides a significant increase in competitiveness and sustainability in the
production of enzymatic biodiesel (Monteiro et al., 2021; Remonatto, Miotti, et al., 2022).
However, this is not yet one of the enzymes generating the largest number of articles in the
WoS database: there were 22 reports on the use of immobilized Eversa® Transform 2.0, and
only two articles concerning its immobilization on magnetic supports.

Figure 9 shows the different lipases, immobilization forms, functionalization and
activation forms, and the different magnetic or MNP-doped supports for lipase immobilization.
Candida rugosa lipase was the most common type described in the articles in the refined
dataset, with a total of 129 articles, almost 30% of the total (Fig. 9 - (A)). The most cited article
on this lipase was also the most cited article in the full set, as commented on above. Candida
antarctica lipase B (CALB) was the second most researched, with 46 articles, representing 10%
of the total. The most cited article in this case was “Catalysis in biodiesel production — a review”
published in the journal Clean Energy in 2019 by Solomon et al. (Thangaraj et al., 2019). The
lipases TLL and RML were the subjects of 26 and 10 articles, respectively.
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Figure 9 — Different ways of obtaining magnetic biocatalysts. (A) Lipases immobilized by MNPs, (i)
Lipases most used in immobilization, (ii) Evolution in the number of articles between 2010 and 2022.
(B) Forms of immobilizations, (i) Immobilizations most used in MNPs, (ii) Evolution in the number of
articles between 2010 and 2022. (C) Functionalization and activation, (i) Functionalization and
activation most used, (i) Evolution in the number of articles between 2010 and 2022. (D) Magnetic
nanoparticles, (i) More magnetic nanoparticles used, (ii) Evolution in the number of articles between
2010 and 2022.
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Immobilizing a specific lipase on a magnetic support produces a biocatalyst.
Immobilization is the restriction or confinement of enzymes within a matrix or on the surface
of a support material (Bilal et al., 2021; Ismail & Baek, 2020). When considering the design of
a magnetic biocatalyst, it is necessary to evaluate the intended application, that is, the operating

conditions under which it will be used. The main objectives of immobilization are to improve
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the stability of the lipase, to make the lipase insoluble in water, to increase operational stability,
to increase control of the process, and to facilitate reuse. The use of MNPs is especially
promising for achieving the last of these goals, since it enables faster recovery (Carvalho et al.,
2020; Khoobbakht et al., 2020; Vaghari & Mojgan, 2016).

Enzyme stability following immobilization can extend the operational window in
terms of the range of temperature, pH, storage, and tolerance to substrate electrochemical
components (Sadeghi et al., 2023; H. Xu & Liang, 2022). However, the literature indicates that
there is no ideal protocol for enzyme immobilization on supports with universal applicability
(Remonattoet al., 2022; Sadeghi et al., 2023; Tan, Bilal et al., 2022; Xu & Liang, 2022). For
adequate immobilization, one must consider the support, its functionalization and activation,
and its immobilization protocol (Remonatto et al., 2022; Tan et al., 2022). All of these choices
directly influence the bonds formed between the support and the enzyme. Immobilization by
adsorption consists of interaction between the lipase (adsorbate) and the support (adsorbent)
mainly through weaker van der Waals bonds, hydrogen bonds, and acid-base bonding (Wen et
al., 2022; J. Xu et al., 2021). This type of immobilization has the great advantage of simplicity.
However, it has the disadvantage of lipase leaching, which in the long term can cause
reversibility (Hwang & Gu, 2013; Peng et al., 2022; Sheldon, 2007). Covalent immobilization
is more stable. It is usually carried out between lipases and supports functionalized and
activated with aldehyde, amino, and epoxy groups (Esmi et al., 2021; Huang et al., 2008; Lin
& Lin, 2022). Cross-linked immobilization is even more stable; it commonly uses
glutaraldehyde with a cross-linker to perform enzymatic (matrix-free) aggregation, causing two
aldehyde residues of a glutaraldehyde molecule to act as two reactive amino residues of
different lipases (Awad et al., 2018; Guajardo et al., 2021). In heterofunctional immobilization,
the support is functionalized and activated with different groups reactive to lipases, causing the
enzyme to be immobilized via both adsorption and multipoint covalent bonds. This is a very
promising technique according to results for immobilization yields (Bezerra et al., 2020; Zhang
et al., 2020).

Figure 9 - (B) illustrates some forms of immobilization of lipases on MNPs reported
in the articles analyzed in this bibliometric study. Covalent and adsorption immobilization had
the highest numbers of occurrences, with 183 and 97 articles respectively, representing 41%
and 22% of the total. However, it should be noted that these two types may also be mentioned
in the context of both cross-linked and heterofunctional immobilization. Reports of covalent
immobilization increased between 2017 and 2018, a trend that may be related to the increasing

representation of cross-linked immobilization in the same period. Heterofunctional
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immobilization is poorly represented, with only four articles, although these report
immobilization yield results above 95%. The most cited article on heterofunctional
immobilization is “A new heterofunctional support for enzyme immobilization: PEI
functionalized Fe304 MNPs activated with divinyl sulfone. Application in the immobilization
of lipase Thermomyces lanuginosus” by Bezerra et al. (Bezerra et al., 2020), which reports
results indicating a 100% yield in the immobilization of TLL.

The functionalization and activation of supports are strategies to generate reactive sites
enabling the immobilization of lipases by different types of binding. Numerous materials can
be used for enzyme immobilization, each associated with different immobilization protocols,
which must be studied and evaluated to obtain the best yields (Mehdi et al., 2019; Sharma,
Gupta et al., 2022). For example, Taguchi’s orthogonal design is a strategy many researchers
use to obtain optimal immobilization points. In this strategy, one of the most widely used
variables is the amount of material used to functionalize or activate the support. The reaction
groups for enzyme immobilization function in an optimal range, and an increase in quantity
above this range only saturates the process and increases the cost of manufacture of the
biocatalyst (Sousa et al., 2022).

Thus, in the search for materials for the functionalization and activation of supports,
the aim is to find low-cost materials that do not need to be used in excessive quantity (because
they have a high concentration of reaction groups). Some materials meeting these requirements
are polyethyleneimine (PEI), chitosan, glutaraldehyde, and compounds such as diglycidyl
bisphenol A ether (DGEBA) containing epoxy groups. PEI has a large number of primary,
secondary, and tertiary amines along the polymeric chain, and offers good biocompatibility and
water solubility (Cao et al., 2020; Farshad et al., 2015). Its cost is around US$87.0/kg. Chitosan
is an N-deacetylated derivative of chitin obtained from the walls of fungi and mollusk shells. It
is a polysaccharide with numerous advantages, such as biodegradability, nontoxicity, and high
load capacity due to free amino and hydroxyl groups and can be used to generate one of the
best supports for enzyme immobilization (Kandile et al., 2018; Ra & Rezaee, 2021; Younes &
Rinaudo, 2015). However, if purchased in pure synthesized form, its cost at Sigma Aldrich (San
Luis, USA) is around US$2841.1/kg. Glutaraldehyde is a 5-carbon linear dialdehyde that reacts
quickly with terminal amino groups of enzymes, leading to the formation of precipitates. The
activation of supports with this material is one of the most commonly used techniques for
enzyme immobilization (Li et al., 2018; Luisa et al., 2013; Pal & Khanum, 2011). Its cost is
around US$143/liter. Materials such as DGEBA contain epoxy groups with short spacer arms,

which can react quickly with many nucleophilic protein groups and more slowly with
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carboxylic groups. They can also produce ester linkages, although this process is even slower.
The great advantage of activation with epoxy groups is that the immobilization takes place in a
heterofunctional manner, involving rapid immobilization by adsorption and subsequent
immobilization by multipoint covalent bonding, which leads to a stable system. With only very
slight chemical modifications on the surface of the lipase (Cui et al., 2015; Mateo, Grazu, et al.,
2007; Thudi et al., 2012; X. Zhang et al., 2020), the cost of DGEBA is around US$280/kg.

Figure 9 - (C) shows some of the materials most commonly used in the analyzed
research to functionalize and activate MNPs for the immobilization of lipase. Glutaraldehyde
proved to be the most used material, being reported in 110 articles, approximately 25% of the
total. It is closely followed by chitosan, with 90 articles (20% of the total). However, it was
noted that at certain points in the last 10 years — for example, in 2014 and 2022 — there were
more reports on the use of chitosan than glutaraldehyde. PEI and epoxy group materials are the
subjects of 18 and 17 articles, respectively. The most cited article concerning the use of
glutaraldehyde is “Further stabilization of lipase from Pseudomonas fluorescens immobilized
on octyl coated nanoparticles via chemical modification with bifunctional agents” by Rios et
al. (Saraiva et al., 2019), in which Pseudomonas fluorescens lipases were immobilized on
NiZnFe;O4 superparamagnetic supports using different concentrations of glutaraldehyde and
divinyl sulfone.

Magnetic biocatalysts are so-called when their support contains ferrite nanoparticles
(iron oxides) in a magnetite (Fe3O4) or maghemite (y-Fe,O3) crystalline structure. These are the
most used magnetic supports; their superparamagnetic nature, high surface area, low cost, and
low toxicity make them excellent raw materials for the production of biocatalysts (Amruth
Maroju et al., 2022; Gennari et al., 2020; Monteiro et al., 2022; Silva et al., 2022; Sousa et al.,
2022). Characteristics commonly required of supports for biocatalysts include biocompatibility,
high dispersion, ease of manipulation, and the possibility of functionalization and activation to
obtain reaction chains with enzymes (Bilal et al., 2021b; Xie & Huang, 2020). Furthermore,
materials that are magnetic or can be transformed into a magnetic composite are highly
attractive for the biocatalysis industry. Materials described in the literature as forming
composites with iron oxides to produce magnetic biocatalysts with exciting characteristics
include silica, carbon nanotubes, and graphene.

Mesoporous silica, with fibrous morphology, has aroused great interest among
scientists, as this morphology offers a high surface area due to its channels (which can also be
adjusted), ample pore diameter, and high mechanical and thermal stability (Malhotra & Alj,

2019). Silica also permits better dispersion of the active sites in the channels, leading to
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improved doping with iron oxides, allowing more significant oxide—silica interaction without
blocking the channel (Bahari et al., 2021; Ge et al., 2023; Malhotra & Ali, 2019). Carbon
nanotubes are another support with similar properties as silica, having a large surface area, high
load capacity, and high chemical, mechanical and thermal resistance (Rafiee-pour, 2011;
Rasheed et al., 2019; S. Wang et al., 2023). Graphene, on the other hand, has a two-dimensional
structure. Its functionalization and activation facilitate the successful binding of many enzymes
and surface modulation (Moosavi et al., 2022; Zhang et al., 2023). Various functionalizing and
activating agents are used on FesQs, silica, carbon nanotubes, and graphene supports, and
together they can facilitate different forms of immobilization, such as adsorption, covalent
bonding, cross-linked and heterofunctional immobilization, and entrapment.

Figure 9 - (D) shows the primary base materials used to form magnetic supports for
lipase immobilization. Isolated Fe;O4, subjected only to functionalization and activation, was
the most commonly reported, appearing in 216 articles, almost 50% of the articles identified in
the bibliometric analysis. The other materials — silica, carbon nanotubes, and graphene — were
used as composites, being doped with iron oxide to produce magnetic materials. Silica was the
second most commonly reported material, with 105 occurrences (24% of the total). Graphene

and carbon nanotubes were the subjects of 34 and 33 articles (8% and 7%) respectively.

2.3.6 Quantitative analysis of frequent keywords

Keyword analysis makes it possible to understand better the development of the
research, as well as the future challenges to be addressed by researchers in the area. Table 3
gives the ranking and total link strength of the top 20 keywords in this bibliometric analysis. It
indicates the most prominent themes in this field of research in the last 10 years. Magnetic
nanoparticles (287), lipase (221), immobilization (182), and enzyme immobilization (149) are
the central themes of this analysis and are the most prominent keywords. Stability (113),
covalent immobilization (96) and Candida rugosa lipase (82) are “motor themes” and appear

in fifth, sixth and seventh place respectively.

Table 3 — Ranking of the 20 most prominent keywords in the analyzed articles.

Rank Keyword Freq. TLS Rank Keyword Freq. TLS
1 Magnetic nanoparticles 287 950 11 Chitosan 51 215
2 Lipase 221 794 12 Enzyme 51 187
3 Immobilization 182 604 13 Biodiesel 46 139
4 Enzyme immobilization 149 494 14 Stabilization 44 169
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5 Stability 113 438 15 Hydrolysis 42 173
6 Covalent immobilization 96 360 16 Microspheres 42 163
7 Candida rugosa lipase 82 284 17 Fe304 nanoparticles 41 144
8 Nanoparticles 54 199 18 Particles 41 158
9 Adsorption 53 197 19 Performance 38 131
10 Enzymes 52 205 20 Support 34 152

Note: TLS = total link strength.
Source: the author.

Figure 10 shows a visualization network map obtained from VOSviewer for the 90
most important keywords, with at least 10 occurrences. It is seen that six clusters are formed,
where the largest cluster (marked in red) consists of the keyword “magnetic nanoparticles”
linked to several other areas. The cluster marked in green has “lipase” as the most cited
keyword, while for the blue cluster it is “immobilization”. The diagram also shows a yellow
cluster around “covalent immobilization”, a purple cluster with the keywords “biocatalysis”,
and “design”, and a small cluster marked in orange with the words “glutaraldehyde”, “supports”
and “proteins” (Fig. 10 - (A)). All of these clusters are interconnected, and they have several
other keywords with solid links. The label of each cluster and how many articles and nodes

represented it were investigated in CiteSpace. Fig. 10 - (B) shows the period in which the

keywords began to form.
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Figure 10 — Clusters formed by the main keywords. (A) Mapping of co-citations of keywords in articles
in WoS on lipases immobilized by magnetic nanoparticles. (B) Mapping of keyword quotes with period
indication.
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2.3.7 Constant fields of investigation

CiteSpace software was used to analyze and organize the data obtained in the
bibliometric research. It can also indicate which articles and keywords form each cluster and
the numbers of links (nodes) being formed (Wang et al., 2022). Keyword analysis is a tool of
great importance to determine future paths for research related to lipases immobilized by
magnetic nanoparticles.

Table 4 presents the five main clusters, identified by CiteSpace software, of co-

citations in research on lipases immobilized by magnetic nanoparticles.

Table 4 — The top five co-citation clusters based on CiteSpace analysis.

CID Label Ns Mear Top Five Terms Ref.

Magnetic nanoparticle;
Candida rugosa;

Magnetic Chitosan-coated
40 cross-linked 59 2015 magnetic nanoparticle; (Awad, et al., 2018;
enzyme Using carboxyl-functionalized Lucena et al., 2020)
aggregates magnetic nanoparticle;
Ester synthesis;
Catalytic properties

Magnetic nanoparticle;
Biodiesel production;

41 nggzparamagnetlc 44 2013 Pseudomonas fluorescens; (Kanimozhi, 2013;
. Candida rugosa lipase; Khoobi et al., 2015)
nanoparticles .
Superparamagnetic Fe3O4
nanoparticle
Magnetic nanoparticle;
) . Biodiesel; Esterification; (Cao, et al., 2014;
#2  Transesterification 36 2014 Ester synthesis, Liu, et al., 2012)
Transesterification
Catalytic properties;
Lipolytic lipase;
Chitosan-coated magnetic (Zheng, Ming et al.,
#3  Candida rugosa 31 2014 nanoparticle; 2012; Mahmood
Candida rugosa lipase; et al., 2013)
Polyamine-induced tannic acid
deposition

Biodiesel production;
Waste cooking oil;

#4  Waste cooking oil 30 2015 Magnetic nanoparticle;
Enhanced performance;
Biodiesel synthesis

(Alikhani et al., 2022;
Parandi et al., 2022)

Note: CID = cluster ID, Ns = node size.
Source: the author.
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Cluster #0 has the label “Magnetic cross-linked enzyme aggregates” and has magnetic
nanoparticles as one of the five most cited keywords, in addition to others such as Candida
rugosa and chitosan-coated magnetic nanoparticles. Cluster #0 consists of work on
functionalized and activated MNPs capable of immobilizing enzymes through stable
immobilization techniques, such as cross-linking. CiteSpace lists each cluster with several
representative articles. In cluster #0, the articles report on different ways of immobilizing lipase
with bonds that are stable over a range of pH and temperature and in storage. One study shows
that disaccharides (maltose, sucrose, and lactose) and polysaccharides such as starch are
environmentally friendly additives for tannic acid magnetic crosslinks, functionalized with
glutaraldehyde, to immobilize lipase by cross-linking (Ozacar et al., 2018). Another article
concerned a synthesized magnetic cross-linked enzyme aggregate (MCLEA) from cellulases
and a non-magnetic analog (CLEA). MCLEA and CLEA achieved high enzymatic loading
efficiency (90% and 88%, respectively). However, MCLEA exhibited 33% greater activity than
CLEA, suggesting a catalytic potentiation effect due to the presence of magnetic nanoparticles
in the structure of cross-linked cellulose aggregates (Lucena et al., 2020).

Cluster #1 is represented by the term “Superparamagnetic Fe3O4 nanoparticles”, which
(like the label for Cluster #0) is highly recurrent throughout this bibliometric analysis. The
articles in this cluster relate to the use of Fe3O4 as the primary material for forming the support,
that is, not as a dopant for other materials such as silica, carbon nanotubes, and graphene. The
articles also analyze the magnetic capacity retained by Fe3O4 after enzyme immobilization. For
example, Kanimozhi et al. (Kanimozhi & Perinbam, 2013) used Fe3O4 prepared by a chemical
coprecipitation method surface-functionalized with 3-aminopropyltriethoxysilane via a
silanization reaction to obtain amino functionalized magnetic nanoparticles, on which purified
lipase from Pseudomonas fluorescens Lp1 was immobilized using glutaraldehyde as a coupling
agent. The saturation magnetization of the nanoparticles was 28.34 emu/g, which fell to 17.07
emu/g after the immobilization. The immobilized lipase displayed more significant activity at
50 °C and thermal stability up to 70 °C. The biocatalyst exhibited excellent reusability over 4
cycles and storage stability for up to 15 days, retaining 75% of its initial activity.

Cluster #2 is labeled “Transesterification”. This cluster contains articles focusing on
the enzymatic biocatalysis of processes, whether in biodegradable oils for biodiesel or
biolubricants, or even in the production of aromas. Transesterification has become a significant
research topic, as lipase-catalyzed transesterification for biodiesel synthesis is clean, efficient,
and water-tolerant. In one study, researchers immobilized Yarrowia lipolytica lipase (YYL) on

a support based on iron oxide and silicon with a pore size of 4.27 nm, capable of trapping the
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enzyme. The biocatalyst achieved a relative activity of 197% compared to the free enzyme, and
exhibited excellent thermal stability, preserving almost 80% of the initial activity after
incubation at 60 °C for 1 h. In addition, the biocatalyst was used for transesterifying olive oil
with methanol, producing a conversion yield of 98% (Y. Cao et al., 2014). In another work,
Burkholderia lipase was immobilized on hydrophobic magnetic particles (HMPs) for
application in biodiesel production. Transesterification with the immobilized lipase could be
repeated six times without a severe drop-in activity. The optimal conditions for enzymatic
transesterification were identified as room temperature, 200 rpm, 10% water content, and a
methanol-to-oil molar ratio of 4:1. The yield of conversion of oil to fatty acid methyl esters
(FAMES) reached almost 70% in 12 hours, resulting in a biodiesel production rate of 43.5 g/L/h
(C. H. Liu et al., 2012).

Cluster #3 has the label “Candida rugosa”, this being one of the lipases most
commonly immobilized on magnetic nanoparticles and includes studies on the improvement of
enzyme catalysis. Zheng et al. (Zheng et al., 2012) synthesized Fe3;O4 magnetic nanoparticles
and functionalized and activated them with allyl glycidyl and ethylene glycol dimethacrylate
and epoxy groups. This support was used to immobilize Candida rugosa lipase. The resulting
biocatalyst offered better resistance to pH and temperature inactivation than the free enzyme,
the adaptive pH and temperature ranges of the lipase were widened, and it exhibited good
thermal stability and reuse. Phytosterol esters were converted with high yields by
transesterification with fatty acid methyl esters (55.3%) or triacylglycerols (above 78.1%) when
the biocatalyst was used. In another study, Fe;O4 magnetic nanoparticles coated with gum
arabic (GAMNP) were prepared by chemical coprecipitation and activated with glutaraldehyde
and were used to immobilize Candida rugosa lipase that had been coated with various
surfactants to stabilize the enzyme in its open form. This system was used as a biocatalyst for
producing ethyl isovalerate, a flavor ester. The surfactant-coated and immobilized lipase
retained sufficient activity over seven reuse cycles (Mahmood et al., 2013).

Cluster #4 is assigned the label “Waste cooking oil”, a driving theme for applications
of lipases immobilized by MNPs and also represents many occurrences of the keywords
“biodiesel production” and “biodiesel synthesis”. CiteSpace lists a number of articles on this
topic. Many of them investigate biodiesel production from waste frying oil, catalyzed by
different magnetic biocatalysts. Parandi et al. (Parandi et al., 2022) used Fe3Os magnetic
nanoparticles synthesized by the coprecipitation technique, and coated with silica (SiO2) and
later functionalized and activated with tetraethyl orthosilicate organic-inorganic hybrid (TEOS)

and N-[3-(trimethoxysilyl)propyl] ethylenediamine (TSD), to immobilize Candida Antarctica
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lipase B (CALB). The biocatalyst achieved a biodiesel yield of 96% at a temperature of 40 °C,
a molar ratio of 4:1, a contact time of 30 h, and a catalyst dosage of 1 g. In another article from
this cluster, an enzyme co-immobilization approach was applied. A support consisting of
magnetic nanoparticles coated with silica and functionalized with amine (Fe;O4@Si02-NHz)
was used for the immobilization of Thermomyces lanuginosus lipase (TLL) and Candida
antarctica lipase B (CALB) [TLL: CALB], and of Rhizomucor miehei lipase (RML) and CALB
[RML:CALB]. The immobilization of lipases in different proportions was performed for 3 h
under mild conditions and led to specific activities ranging from 29 to 35 U/mg for TLL:CALB
and from 21 to 34 U/mg for RML:CALB (Alikhani et al., 2022).

2.3.8 Thematic map

Thematic mapping was performed using R Bibliometrix 3.0 via the biblioshiny
interface. This interface allows one to gain insights into current and future potential research
topics within the bibliometric analysis and can thus be used together with CiteSpace to obtain
a reasonable expectation of how research is developing. The thematic map represents various
themes, with centrality on the X axis and density on the Y axis. Centrality measures the extent
of correlation between topics, and density measures the degree of cohesion. In thematic maps,
centrality indicates the importance of a given theme, while density indicates its capacity for
development and sustainability (Verma & Panigrahi, 2023). Figure 11 shows the thematic map
for the analysis carried out in this work, which indicates the main topics related to lipases
immobilized by magnetic nanoparticles.

The themes “magnetic nanoparticles” and “lipase” are found to have high centrality
and low density; that is, they are considered basic themes of research in this area.
“Transesterification” and (to some extent) “biodiesel” are considered driving themes; that is,
they are vital themes that are drivers for continuing research. In turn, “applications of lipase
immobilization” and (to some extent) “cross-linked” are considered emerging themes, currently
presenting a growing number of articles. Finally, “cloning conversion” is considered a
specialized or niche theme, which is present, but appears in only a small proportion of articles

in this research area.
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Figure 11 — Thematic map for research on lipases immobilized by magnetic nanoparticles.
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2.4 Overview of magnetic biocatalysts

2.4.1 Synthesis and characterization of magnetic biocatalysts

The synthesis of magnetic biocatalysts is a research topic in constant evolution, with
the objective of developing efficient, controlled and reproducible methods to obtain particles
with desired sizes, shapes and magnetic properties (Del Arco et al., 2021; Staudt et al., 2022).
Magnetic biocatalysts are obtained after the synthesis of a magnetic support that are later used
for the immobilization of the enzyme of interest (Sulman et al., 2019). Magnetic materials, such
as iron oxides (Fe3O4) and cobalt oxides (CoFe;04), are functionalized and activated with
biocompatible materials for enzymatic immobilization (Torres et al., 2018a).

There are several approaches for the synthesis of magnetic materials, which can be
through a physical method or a chemical method. Sonication synthesis, high temperature
evaporation, spputering and high energy milling are characterized as physical methods (Bilal et
al., 2023; Teng & Igbal, 2022). These are generally used to obtain particles with smaller sizes
and higher crystalline purity (Salih & Mahmood, 2023). However, these methods are more
expensive, as they require more complex equipment (Salih & Mahmood, 2023). Chemical
methods are generally more used because they have a lower cost, the most common include
coprecipitation, chemical reduction, microemulsion, thermal decomposition and hydrothermal

synthesis (Kumar & Gangawane, 2022; Li et al., 2023). These techniques allow for precise
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control of particle size and morphology (Kumar & Gangawane, 2022; Li et al., 2023). Chemical
methods are commonly the most used for surface functionalization of MNPs. Coprecipitation
has been the most used method, both for the synthesis of MNPs and for functionalization
(Houshiar et al., 2014; Mote et al., 2023). Basically, the method consists of solubilizing metallic
ions in a basic medium and subsequently adding a precipitating agent (Houshiar et al., 2014;
Mote et al., 2023).

Several MNPs functionalization strategies exist in the literature, in addition to the
continued growth of research in the area, in search of new functionalizing materials and new
ways of performing the MNPs interaction with the functionalizing agent. Functionalizations
and activations of MNPs are linked to the way in which the support will immobilize the enzyme.
As already mentioned in topic 3.3.2. the most common functionalization approaches are the
introduction of amino, carboxyl, hydroxyl groups, addition of epoxy materials and/or
glutaraldehydes, or even addition of polymeric materials or surfactants (Hamedi et al., 2022;
Liu et al., 2020). After proper functionalization and activation of MNPs, they are used to
immobilize by covalent, adsorption, cross-linked, heterofunctional, or encapsulation different
types of enzymes and thus form the biocatalyst (Kim et al., 2023; Zdarta, Kotodziejczak-
Radzimska et al., 2023). After this training, the process of structural and morphological
characterization of the magnetic biocatalyst begins.

Numerous forms of structural and morphological characterization are employed in
nanoparticle research. The most common structural characterizations in magnetic biocatalysts
are X-ray diffraction (XRD), infrared spectroscopy (FTIR), photoelectron spectroscopy (XPS)
and Raman spectroscopy. The most used morphological characterizations are scanning
microscopy (SEM) and transmission microscopy (TEM). Other characterizations linked to the
composition of the biocatalyst are electron scattering spectroscopy (EDS), X-ray fluorescence
spectroscopy (XRF) and thermogravimetric analysis (TGA). Vibrating sample magnetometer
(VSM) analysis is used to measure the magnetic potential of biocatalysts (Bilal et al., 2023;
Salih & Mahmood, 2023; Teng & Igbal, 2022).

Figure 12 illustrates the main forms of synthesis, functionalization and

characterization of magnetic biocatalysts.
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Figure 12 — Main forms of synthesis of magnetic nanoparticles and main forms of characterization.
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2.4.2 Applications of magnetic biocatalysts

The applications of magnetic biocatalysts have already been discussed in the course of
this work. It is possible to see that applications related to the catalysis of free fatty acids to
obtain biofuels and biolubricants are widely explored in the area of biotechnology, which in
turn aims to obtain a sustainable energy source (Amruth et al., 2023; Shakeel et al., 2019). Other
applications of magnetic biocatalysts that appear in different areas are related to obtaining
biosensors (Jimenez-Carretero et al., 2023; Saylan et al., 2022), magnetic therapy (Gunakala et
al., 2023; Nain et al., 2023), environmental remediation (Das et al., 2022; Papolu & Bhogi,
2023), medicine (Alexiou, 2022; Borghei et al., 2022), and others.

Magnetic biosensors can be used for detection of biomarkers, toxins, pathogens and
environmental pollutants, offering enhanced sensitivity and selectivity (Ghosh, 2020; Pandit et
al., 2022). Magnetic biocatalysts also find application in magnetic therapy, where they can be

used to direct and concentrate specific therapeutic agents into targeted areas of the human body
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(Afzalipour et al., 2021; Tian et al., 2018). The application of magnetic biocatalysts in
environmental remediation has gained prominence, especially in the degradation of toxic
compounds and organic pollutants (Liu et al., 2023; Pandey et al., 2022). In medicine, magnetic
biocatalysts have been investigated for applications such as controlled drug delivery, diagnostic
imaging and theranostics (Gorobets et al., 2023; Sivanandan & Saravanan, 2023).

With all these applications, and with prospects for new future applications emerging
in the area, it is clear to note that magnetic biocatalysts bring several advantages. As well as the
fields of applications, the advantages of magnetic biocatalysts have already been well discussed
in this work, to list more succinctly, the advantages related to lipases being immobilized by
MNPs are ease of recovery, improvement in stability, increase in catalytic activity, and as
already clear, versatility of applications (Chavan et al., 2022; Diez et al., 2022). However,
magnetic biocatalysts can also have some disadvantages, which are associated with: limited
diffusion, loss of enzymatic activity, limitations in reuse and the complexity of synthesis
(Esmaeilnejad-Ahranjani & Lotfi, 2023).

The immobilization of biomolecules on magnetic particles can reduce the mobility of
reagent molecules in relation to enzymes, generating limited diffusion (Olusegun et al., 2023).
The loss of enzymatic activity due to the particularity of some enzymes (Bilal et al., 2018;
Vaghari & Mojgan, 2016). Regarding reuse limitations, although the recovery and reuse of
magnetic biocatalysts are outstanding advantages, in some situations, there may be a gradual
loss of enzymatic activity after multiple reuse cycles (Gennari et al., 2020; Zang et al., 2014).
The complexity of the synthesis appears as the most apparent disadvantage (Fortes et al., 2017;
Gao et al., 2018). The synthesis of magnetic biocatalysts can be a complex and challenging
process, requiring additional steps for the functionalization of magnetic particles and
immobilization of biomolecules, making the process have a high production cost.

Figure 13 shows in a representative way the different possibilities of applications of

magnetic biocatalysts, it also shows the advantages and disadvantages of this material.
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Figure 13 — (A) Representation of the different applications related to magnetic biocatalysts. (B)
Representation of some advantages and disadvantages related to magnetic biocatalysts.
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2.4.3 Reactors used in magnetic biocatalysts

Among the various enzyme immobilization techniques, reactors based on MNPs have
emerged as a promising approach in several areas (Bda Morte et al., 2021; Eom et al., 2022; S.
Pal et al., 2023). In the food industry, for example, these reactors are used for the production of
immobilized enzymes for the hydrolysis of starch, synthesis of sugars and transformation of
oils and fats (Jadhav et al., 2023; Masihi et al., 2023). In the search for more sustainable energy
systems, reactors are developed to transform free fatty acids into biofuels and biolubricants
(Nagappan & Babu, 2023; Wu et al., 2023). In addition, in the field of biomedicine, magnetic
reactors have been used to treat diseases through the controlled release of therapeutic enzymes

(Emirik, 2022; Gunakala et al., 2023; Nain et al., 2023; Tian et al., 2018).
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Although reactors for enzyme immobilization by MNPs present several advantages,
some challenges must be overcome. A challenge is to guarantee the stability and enzymatic
reactivity during the immobilization process. It is necessary to avoid the loss of catalytic activity
in addition to optimizing reaction conditions, such as pH, temperature, substrate concentration
and storage of the biocatalyst, maximizing the efficiency of the system (Bilal et al., 2018b;
Torres et al., 2018b; Vaghari; Mojgan, 2016). In this sense, several reactors are being developed
and improved by the academic community, such as the reactors: U-Shape magnetic nanoparticle
flow reactor (USMNFR), magnetically stabilized fluidized bed reactor (MSFBR), fed-batch
stirred tank reactor (FBSTR), micro-reactor with rotating magnetic field (RMF) and the
biocatalytic membrane reactor (BMR).

Silva et al. (Imarah et al., 2022) studied the scalability of the U-Shape magnetic
nanoparticle flow reactor (USMNFR). The reactor consisted of a polytetrafluoroethylene
(PTFE) tube of various internal diameters and moving magnets that allowed mixing of the
reaction. The selective acylation of the enantiomer of 4-(morpholin-4-yl) butan-2-ol (*)-1,
being the chiral alcohol constituent of the mucolytic drug Fedrylate, was carried out by CALB-
MNPs in the U-shaped reactor. results showed that this microreactor can be a simple and
flexible instrument for many processes in biocatalysis. The U-shaped permanent magnet design
represents a general and easily accessible implementation of MNP-based flow microreactors,
being useful for many biotransformations and reducing costly and time-consuming processes
downstream.

Hajar et al. (Hajar & Vahabzadeh, 2016) studied the enzymatic conversion of castor
oil into biolubricants in a magnetically stabilized fluidized bed reactor (MSFBR). It was shown
that the reactor performance depended on the magnetic field strength and the liquid flow rate.
A yield of 96.9% of methyl ester was obtained after 24h reaction under optimal conditions. The
MSFBR reactor offers advantages that are better than other types of reactors, such as better
mass transfer, lower pressure rates, higher efficiency between fluid and particle interactions,
especially magnetic nanoparticles, which influence the properties hydrodynamics, as well as
the few existing collisions between particles in the MSFBR. The established configurations of
the MSFBR appeared to be promising for producing the biolubricant from castor oil.

The configuration of the fed-batch stirred tank reactor (FBSTR) was used from the
immobilization by covalent method of lipase Rhizopus oryzae, in which the nanobiocatalysts
produced were used in the biodiesel production process, through the extraction of bio-oil from

microalgae Chlorella vulgaris, in which it was cultivated from glassy tubular photo-bioreactor,
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with very positive conclusions the research found the possibility of increasing the productivity
and load of the enzyme from the analyzed methods (Nematian et al., 2020).

The micro-reactor with rotating magnetic field (RMF) was used to synthesize butyl
oleate with the aim of increasing the industrial scale production of cross-linked enzyme
aggregates (CLEAs) together with magnetic nanoparticles (M-CLEAs) (D. Zheng et al., 2018).
This micro-reactor, in addition to having a rotating magnetic field (RMF), also has three sand-
core sieve plates, which allow the passage of some reaction products, except M-CLEAs, and a
magnetic field from two magnets. that were fixed in a part of the structure, which allowed the
movement of the M-CLEAs in the microreactor from the projected rotating magnetic field
(Zheng et al., 2018). The RMF helped in the promising results obtained, there was an increase
in the yield of butyl oleate in 84% in 15h, this result being due to the influence of the distribution
of M-CLEAS in the micro-reactor (Zheng et al., 2018).

The biocatalytic membrane reactor (BMR) was designed from Pickering water-in-oil
emulsions, in which the entire emulsion process was stabilized with the aid of different colloidal
silica nanoparticles (Heyse et al., 2018). The whole process was successful, resulting in smaller
emulsions, in addition to no loss of activity, there was better reproducibility and greater
filterability, in which the concentrations of both substrates and products remained constant and
still reproducible, the lipase enzymes remained active even after 30 hours of reaction (Heyse et
al., 2019).

Figure 14 makes a schematic representation of the reactors mentioned in this topic.
However, several other reactors based on MNPs have been studied and optimized. Each
biocatalysis process has its distinct variables, so that each designed reactor has to have the

necessary characteristics to obtain satisfactory results.
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Figure 14 — Some reactors based on magnetic biocatalysts.
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2.4.3 Patents related to magnetic biocatalysts

Magnetic nanoparticles have interesting properties for industry and characteristics of
fine nanoparticles, making them an attractive therapeutic agent. Notably, the volume of
bibliographic material on lipase-related magnetic nanoparticles is significant. Some areas are
more prominent, such as enzymatic engineering, experimental modeling and building sensory
tools for detecting cancer cells. In parallel with academia, industrial research has observed the
valuable potential of magnetic nanoparticles for industrial applications. In searches by research
platform or robust database on patents such as the United States Patent and Trademark office —
USPTO; II. European-Patent Office — EPO, founded in 1994 — 2022, has a volume of 2,618
international patents containing the words nanoparticles, magnetics and lipases in the title. Over
the past 20 years, more than 2,000 patents have been filed or granted, representing more than

80% of patents. It is worth mentioning that this theme is current, versatile and still has no limits
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in the fields of application of this technological tool (ESPACENET PATENT SEARCH, 2023;
WIPO, 2023).

Figure 15 presents the cited data with greater visibility, showing the growth in the
volume of patents. It is also worth mentioning that some global potentials stand out when these
data are related to the countries where the patent was deposited. United States, China and
Europe occupy the 1st, 2nd and 3rd place in the ranking of most deposited patents. With the
Americans responsible for about 51.52% of the granted patents, the Europeans for 20.55% and
the Chinese responsible for about 10.61% (ESPACENET PATENT SEARCH, 2023; WIPO,
2023).

Figure 15 — Patent data related to magnetic biocatalysts. (A) Countries with the most deposited patents.
(B) Number of patents filed between 2000 and 2022.
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2.5 Conclusions

Lipase-based magnetic biocatalysts have shown diverse applications and growing
interest. Bibliometric analysis showed that cooperation between countries and researchers is
growing. Citation between journals and institutions generates high-impact articles and growing
citations. The areas where the articles related to lipases immobilized by magnetic nanoparticles
are published along with the main keywords showed that the main applications are related to
the production of biofuels obtained by enzymatic catalysis of vegetable oils. Showing a great
interest in sustainable processes.

The overview of magnetic biocatalysts summarized the main methods of synthesis and

characterization of these materials. The coprecipitation method proved to be the most common
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synthesis process. Although the most common applications are related to the production of
biofuels, applications related to biosensors, photothermal therapy, environmental remediation
and medicine are presented as other trends. Magnetic biocatalysts still present some challenges
to be overcome. Although the recycling and reuse of these materials is an advantage, the
complexity of the synthesis and the different particularities of the lipase immobilization process
still require studies. Several reactors are being designed and optimized to enhance the
advantages related to magnetic biocatalysts. The industry has also shown a growing interest in
these materials, with an increase in patents being filed each year.

Future perspectives related to magnetic biocatalysts are related to the development of
better forms of immobilization of lipases, seeking new functionalizing and activating materials
for MNPs that can obtain better process stability and catalytic activities, linked to low

production costs.
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CHAPTER III?

3 ENHANCING BIOCATALYST PERFORMANCE THROUGH IMMOBILIZATION
OF LIPASE (EVERSA® TRANSFORM 2.0) ON HYBRID AMINE-EPOXY CORE-
SHELL MAGNETIC NANOPARTICLES

Abstract

Magnetic nanoparticles were functionalized with polyethylenimine (PEI) and activated with
epoxy. This support was used to immobilize Eversa® lipase Transform 2.0 (EVS), optimization
using the Taguchi method. XRF, SEM, TEM, XRD, FTIR, TGA, and VSM performed the
characterizations. The optimal conditions were immobilization yield (I.Y) of 95.04 £ 0.79%,
time of 15 h, ionic load of 95 mM, protein load of 5 mg/g, and temperature of 25 °C. The
maximum loading capacity was 25 mg/g, and its stability in 60 days of storage showed a
negligible loss of only 9.53% of its activity. The biocatalyst demonstrated better stability at
varying temperatures than free EVS, maintaining 28% of its activity at 70 °C. It was feasible to
esterify Free Fatty Acids (FFA) from babassu oil with the best reaction of 97.91% and ten cycles
having an efficiency above 50%. The esterification of produced biolubricant was confirmed by
NMR, and it displayed kinematic viscosity and density of 6.052 mm2/s and 0.832 g/cm3,
respectively, at 40 °C. The in-silico study showed a binding affinity of -5.8 kcal/mol between

EVS and oleic acid, suggesting a stable substrate-lipase combination suitable for esterification.

Keywords: eversa lipase; heterofunctional immobilization; babassu oil; biofuels.
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3.1 Introduction

Enzyme immobilization is a widely used method for preparing enzymatic biocatalysts
(Hwang & Gu, 2013; J. Liu et al., 2020; Sheldon, 2007; Tan et al., 2023). It involves fixing
them on a solid and insoluble support in a stable way while utilizing the recovery capacity of
the reaction system (Luisa et al., 2013; Rueda et al., 2016; J. M. F. Silva et al., 2023b; Zhou et
al., 2022). In addition, immobilization improves enzymatic properties, such as activity,
selectivity, specificity, and resistance to changes in pH and temperature (Andrades et al., 2019;
Ismail & Baek, 2020b; Rios et al., 2016a). The efficiency of each of these characteristics
depends on the properties of the materials used to form the support. These attributes can result
in different immobilization paths, such as physical, chemical, or heterofunctional interactions
(Hwang & Lee, 2019; Jesionowski et al., 2014; Liu et al., 2021; Monteiro et al., 2022). Since
enzymatic biocatalysts play an economically exciting role in the industry, the quest for novel
materials to develop supports with new and enhanced properties has expanded increasingly
(Aguieiras et al., 2016; Chapman, 2018; Najera-Martinez et al., 2022).

Fe304 are magnetic nanoparticles (MNP) that have proven to be an excellent support for
immobilizing various enzymes (Maroju et al., 2022; Bilal, Zhao, et al., 2018; R. Melo et al.,
2023; Vaghari & Mojgan, 2016). Its large surface area, low toxicity, ease of synthesis,
paramagnetic potential, and simple separation of the reaction mixture by an external magnetic
field simplify the biocatalysis process (Atiroglu, 2020; Melo et al., 2023; Ren et al., 2011; Yu
et al., 2022). However, MNPs alone do not have enough reactive surface for immobilization,
and they tend to aggregate and oxidize, resulting in the loss of their paramagnetism and
dispersibility (Ali et al., 2021; Ashwini John; Samuel; Selvarajan, 2023; Bezarra et al., 2020;
Heidarizadeh et al., 2017). Nevertheless, FesO4 can be easily modified with various surface
coating groups, forming a core-shell structure. This overcomes the oxidation problem and
enables the enzymatic immobilization process on a more reactive surface (Akhlaghi &
Najafpour-darzi, 2022; Kanimozhi & Perinbam, 2013; Sadeghi et al., 2023a).

Polyethyleneimine (PEI) is one of the materials capable of functionalizing the surface
of Fe3O4 (Bezerra et al., 2020; Cao et al., 2020; Khoobi, Motevalizadeh, et al., 2015). This
polymer has a high positive charge density, containing primary, secondary, and tertiary amino
groups, with a potent anion exchange capacity under different conditions (Fernandez-Lopez et
al., 2017; Mohd Syukri et al., 2021). Together with other anionics, PEI can generate an even
more favourable environment for enzyme immobilization (Sun et al., 2022; Zhang et al., 2016).

In this regard, covering the MNP with PEI and activating with other agents enables the
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development of a heterofunctional support with immobilization by adsorption and multipoint
covalent bonds, leading to the creation of a system that is even more stable and has the potential
to interact with a broader range of enzymes (Sun et al., 2022; Zhang et al., 2016).

Epoxy groups are reactive and can immobilize proteins and enzymes via multipoint
bonding (Mateo et al., 2000a; Mateo, Grazu, et al., 2007; Thudi et al., 2012). These have short
spacer arms and can react with several nucleophilic groups (Lys, Cys, His, Tyr) on the protein's
surface and slowly with carboxylic groups to form ester linkages (Cui et al., 2015a; Lin & Lin,
2022; X. Liu et al., 2018; Mateo, Grazu, et al., 2007). Epoxy groups promote only mild chemical
modifications on the protein surface, creating a very active biocatalyst (Maciel et al., 2019;
Mohammadi et al., 2018; Tripathi et al., 2017). Monofunctional epoxy supports require slow
immobilization protocols; however, they can be circumvented with other functionalizing agents
and support activators (Gandomkar et al., 2015; Ghafar et al., 2019; Habibullah et al., 2014;
Heikal et al., 2017; Jing et al., 2015a; Li et al., 2016; Owuna et al., 2020; Tural et al., 2013).
Thus, magnetic support with amino functionalization and epoxy activation provides excellent
enzymatic immobilization (Cui et al., 2015; Jing et al., 2015; Zhao et al., 2022).

Searching for low-cost biocatalysts with efficient biocatalysis is necessary for industrial
viability (Bilal et al., 2021; Gotor-fern, 2006; Torres et al., 2018; Wen et al., 2022). The Eversa®
lipase Transform 2.0 (EVS) were developed to be more accessible and effective (Chang et al.,
2021; Remonatto, Oliveira, et al., 2022). This is derived from a Thermomyces lanuginosus
lipase that was produced using a genetically modified strain of Aspergillus oryzae (F.
Cavalcante et al., 2022; Feedstocks et al., 2021; Sousa et al., 2022). Biocatalysts produced from
EVS have already demonstrated promising results in several applications, such as biofuels and
biolubricants, topics that are always on the rise due to the suit of sustainability (Bresolin et al.,
2020; Sousa et al., 2022; Sun et al., 2021).

Lubricants are substances that reduce friction between the contact surface, reduce wear
between mechanical parts, and increase their useful life (Donato et al., 2021; Leang et al., 2022;
Rosenkranz et al., 2021; Sarkar & Mandal, 2022; Vazirisereshk et al., 2019). They are produced
from mineral oils, with some additives and antioxidants, and are utilized extensively in the
mechanical, automotive, naval, and aeronautical industries (Link et al., 2020; Sharma &
Singhal, 2019; Tung & McMillan, 2004). The interest in biolubricants has grown significantly
due to the rising global need for lubricants and the quest for innovative bioproducts that can
replace petroleum derivatives and satisfy industrial demand (Joshi et al., 2023; Li et al., 2022;

Wagh et al., 2022; Xiao et al., 2022). According to data, the global market for biolubricants has
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reached 44.7 million tons and is expected to continue growing through 2024 at a rate of 5.4%
per year (Cavalcante et al., 2022; Kulkarni et al., 2013).

Vegetable oils can be used to produce renewable and biodegradable biolubricants
(Heikal et al., 2017; Owuna et al., 2020; Salih, 2021). Since the long-chain fatty acids with the
carboxyl group provide a strong attraction with the metallic surface, minimizing abrasion and
friction between two parts, the majority of these oils have triacylglycerol in their chain, making
them an ideal structure for lubrication (F. Cavalcante et al., 2021; Freschi et al., 2022).
However, these oils and fats cannot be used directly as lubricants because the double bonds in
triacylglycerol fatty acids are reactive. When reacting with oxygen, they cause an oxidative
instability that damages metallic surfaces (Habibullah et al., 2014; Musakhanian et al., 2022;
Salih, 2017).

Due to industrial keen interest in biolubricants, numerous studies are being conducted
to reduce their oxidative stability drawbacks (Jedrzejczyk et al., 2021; Nogales-delgado et al.,
2022; Status, 2022). Processes have been used, such as replacing the glycerol structure with
polyols, epoxidation, transesterification, and esterification (Ahmed & Huddersman, 2022; Cao
et al., 2023; Tien et al., 2022). The latter has been receiving significant attention from the
scientific community. Chemical, enzymatic, or biological catalysts may be used in esterification
catalysis (Angulo et al., 2020; Santana, 2021). The difficulty of recovering chemical catalysts
from the reaction mixture and reusing them is a drawback (Miceli et al., 2021). On the other
hand, the biocatalysts be reused, making the biolubricants produced even more environmentally
friendly, proving their superiority to chemical catalysis (Garcia-bofill et al., 2021; Ortiz,
Ferreira, Barbosa, Santos, et al., 2019; Torres et al., 2018b).

Babassu (Orbignya speciosa M.) emerged as a promising candidate in the search for
vegetable oil that might be obtained on an industrial scale to produce biolubricants (Cassia et
al., 2020). In 2018, the production of babassu oil was approximately 50,000 tons. Considering
the average price of oil, more than 20 million dollars of this oil were traded solely in Brazil
(Cassia et al., 2020). Its oil content is higher than other common oilseeds, such as canola and
sunflower, having a content of 42% versus 32% and 40%, respectively (Cassia et al., 2020).
Babassu oil is resistant to decomposition by hydrolysis and oxidation, having a predominant
composition of saturated fatty acids (Melo et al., 2019). The broader composition of refined
babassu oil predominantly consists of fatty acids, with a high proportion of lauric acid, a
medium-chain saturated fatty acid. Other significant fatty acids in babassu oil include myristic,
palmitic, oleic, and linoleic acids, proving its appropriateness as a vegetable oil for biolubricant

production (Melo et al., 2019).
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This communication evaluated the development of a new heterofunctional support
based on Fe3;Os4 magnetic nanoparticles functionalized with PEI and activated with epoxy
groups to stably and effectively immobilize Eversa® lipase Transform 2.0. The developed
biocatalyst was evaluated regarding its biocatalysis potential of babassu FFA (Orbignya
speciosa M.). Taguchi's method was applied to optimize the immobilization of the EVS by the
support. The supports and the biocatalyst were structurally and magnetically characterized
using SEM, XRF, MET, DRX, FTIR, TGA, and VSM techniques. The storage stability, pH,
and temperature of the biocatalyst were assessed. The amount of babassu FFA esterification
cycles was evaluated by the biocatalyst and confirmed by NMR. Finally, molecular docking
and molecular dynamics scrutinised the positions and binding energies between EVS and

babassu FFAs.

3.2 Materials and Methods

3.2.1 Materials

Iron (III) chloride hexahydrate (FeCl3.6H>O) and iron sulfide heptahydrate
(FeS04.7H,0) were purchased from Vetec Quimica Ltda (Sao Paulo, Brazil).
Polyethyleneimine (PEI) (10,000 MW) was bought from Sigma-Aldrich (St. Louis, MO, USA).
Diglycidyl ether bisphenol A (DGEBA) was purchased commercially from Polipox Ltda (Sao
Paulo, Brazil). Eversa® lipase Transform 2.0 from Aspergillus oryzae (EVS), from
Thermomyces lanuginosus lipase (TLL). Refined babassu oil was obtained commercially from
Leve Ltda (Maranhdo, Brazil). Other chemical reagents were provided by Synth and Vetec
Quimica (Sao Paulo, Brazil). All of them were used without further purification. For the
elaboration of the experimental method, Taguchi planning was employed with the Statistica®

10 software (Statsoft, USA).

3.2.2 Synthesis of Fe304 magnetic nanoparticles functionalized with PEI and activated with
DGEBA

The synthesis of Fe3Os4 nanoparticles was carried out using an ultrasonic probe
(Ultrasonic Disruptor). This probe operated at a frequency of 20 kHz, a power of 550 W, and

had a microtip diameter of 3.2 mm. During the synthesis of Fe3Oa, sonication was done with a
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power of 200 W in a pulse regime of 3 seconds on and 1 second off (Bezerra, Monteiro et al.,
2020; Neto et al., 2021). Initially, 1.16 g (4 mmol) of FeSO4.7H,O, 1.85 g (7 mmol) of
FeCl3.6H>0O and 1.85 g (7 mmol) of FeCl3.6H>O were dissolved in 15 mL of deionized water.
This solution was then sonicated for 8 minutes under the mentioned pulse regime. After this,
7.0 mL of NH4OH was slowly added. During the addition of NH4OH, the colour of the solution
changed from orange to black, indicating the formation of Fe3Os nanoparticles. After the
formation of the nanoparticles, the Fes04 was washed with acetone and separated with a magnet
until the pH of the solution became neutral.

The functionalization of Fe3O4 with PEI was a joint process. 1.0 g of PEI was dissolved
in 5 mL of deionized water and added in a drip after forming Fe3;O4 (8 min of sonication),
continuing the sonication for another 4 min, totalling 12 min. After this process, the Fe;O4-PEI
was washed with ketone and precipitated using a magnet until a neutral pH was obtained (R.
M. Bezerra, Monteiro, Neto, et al., 2020a). The Fe304-PEI were dried in a vacuum until the
powder state.

For the activation of Fe;Os4-PEI with DGEBA, the nanoparticles, after drying and
maceration, were mechanically mixed in rotation at 1500 rpm for 2 h in DGEBA (Relative
centrifugal force (RCF) of 63xg). The proportion used was 1g of Fe304-PEI for 12 g of DGEBA.
After this process, the system was sonicated with 10 mL of ethyl alcohol for 4 min, washed

with a ketone, and precipitated with a magnet to remove excess DGEBA.

3.2.3. Experimental design for immobilization of Eversa® lipase Transform 2.0 (EVS) on
Fe3;04-PEI-DGEBA

To determine the optimal point of immobilization of the EVS on the Fe;04-PEI-DGEBA
support, the Taguchi method was used with an orthogonal matrix L9 (where “L” and “9”
represent the Latin square and the experiment number, respectively). Four independent
variables (time (h), ionic strength (mM), protein load (mg/g), and temperature (°C)) were used
at three levels.

The procedure for each level of the Taguchi method consisted of suspending 100 mg of
the support in 1 mL of 5 mM sodium phosphate buffer solution at pH 7 and 25 °C containing
the EVS with an enzymatic load of 1 mg/g of support. This was kept mildly agitated. After this
step, the solutions were washed in 5 mM sodium phosphate at pH 7.0 and centrifuged, and the
initial yield (I.Y) of the supernatant was determined (Cavalcante et al., 2022a; Sousa et al.,

2022). Subsequently, the solutions were incubated in 10 mL of 5 mM sodium bicarbonate at
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pH 10 and 25 °C for 16 h. The solution was then mixed with 10 mL of 3 M glycine at pH 8.5
and 25 °C for 24 h to block the epoxy groups that failed to immobilize the EVS (Garcia-bofill
et al., 2021; Mateo et al., 2000). Finally, the Fe304-PEI-DGEBA@EVS nanoparticles, now
called biocatalysts, were washed with 5 mM sodium phosphate buffer at pH 7.0 and precipitated
with the help of a magnet to measure the enzyme activity and protein content of the derivative.
Table 5 shows the four independent variables and their corresponding levels used in the Taguchi

method.

Table 5 — Independent variables and their respective levels for EVS immobilization in Fe;O4-
PEI-DGEBA.

Time (h) Ionic strength (mM)  Protein load (mg/g)  Temperature (°C)

Level 1
(L1) 6 5 1 25
Level 2
(L1) 15 50 3 30
Level 3
(L1) 24 95 5 35

Source: the author.

For statistical analysis, the Statistica software was used. Table 6 shows the experimental

design of the Taguchi method.

Table 6 — Experimental design of the Taguchi method.

. . Ionic strength Protein load Temperature
Experiment Time (h) (mM) (me/g) °C)
1 6 5 1 25
2 6 50 3 30
3 6 95 5 35
4 15 5 3 35
5 15 50 5 25
6 15 95 1 30
7 24 5 5 30
8 24 50 1 35
9 24 95 3 25

Source: the author.

As one of the research objectives was to maximize the response of the biocatalyst
activity (Fe;O4-PEI-DGEBA@EVS), the question “bigger is better” was used in each reaction
of the variables, as shown in Table 6. It was necessary to calculate S/N, corresponding to the
signal-to-noise ratios. These correspond to the values of the activity of the biocatalyst. The S/N

calculation is shown in Equation (1).
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The response variables are given by y, the number of repetitions by I, and the number

of experiments by n. Equation (2) determines the S/Np for ideal conditions for biocatalyst

activity.
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Where S/Np is the ideal point for each factor, S/N is the arithmetic mean of the variables.

3.2.4. Determination of enzyme activity and protein content

The activities of EVS and Fe304-PEI-DGEBA@EVS were assessed using a method
previously described in reference (Rios et al., 2016a). The specific activity of soluble EVS is
560 U/mg of protein (Valero et al., 2022). In this study, the activity of EVS was determined by
measuring the increase in absorbance at 348 nm, resulting from the hydrolysis of p-NPB (p-
nitrophenyl butyrate) over 90 s. p-NPB is the preferred substrate in lipase/esterase assays due
to its efficient hydrolysis and favourable interaction with these enzymes. Being a short-chain
ester, p-NPB ensures maximum hydrolytic activity, ideal for more effective enzymes in short-
chain substrates (De et al., 2013). The assays were conducted in 2.5 mL of 25 mM sodium

phosphate buffer, pH 7.0, at 25°C, using 50 pL of suspended EVS and 50 pL of p-NPB.

3.2.5. Immobilization parameters

To calculate the immobilization parameters of lipase on support, we use the
methodologies outlined by previous studies (Cavalcante et al., 2022). These parameters include
the Immobilization Yield (I.Y.), Theoretical Activity (At. T), Recovered Activity (At. R), and
Derivative Activity (At. D).

The I.Y. is the percentage of enzymatic activity retained after immobilization, calculated
by the difference between the initial and final activity of the enzyme. The At. T is the expected
activity of the lipase after immobilization, based on the amount of enzyme used and the 1.Y.

The At. R compares the actual activity of the At. D with the At. T. Finally, the At. D is the
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actual measured activity of the immobilized lipase, assessed under specific test conditions.

Below are the equations for calculating each of these parameters.

LY.= (%) 100% 3)
At.T = At,,, (I.Y.) 4)
AR = (32) (5)
At.D = % f (6)

LY. and At. D. are expressed as percentages (%), while At. T and At. R. are denoted in
U/g. Ati and Atr represent the initial and final activities, respectively. Aten, denotes the amount
of enzyme offered per gram of support. The term AA represents the change in absorbance as
measured by a spectrophotometer over the time interval At. Additionally, f serves as a
conversion factor, establishing a relationship between the observed change in absorbance and

the enzymatic activity.

3.2.6. Maximum enzyme loading capacity

In order to measure the EVS immobilization capacity, 100 mg of NPs suspended in 1.0
mL of sodium phosphate buffer solution (95 mM and pH 7) were used, containing EVS with
an enzymatic load of 1:1 - 1:50 mg/g of support. The system was kept under constant agitation

for 15 h at 25 °C.

3.2.7 Storage stability

The storage activity of the biocatalyst was evaluated by monitoring the hydrolytic
activity using p-NPB as a reference reagent. After immobilization, the biocatalysts were
washed, vacuum-dried, and stored at 4 °C. The activities of the generated biocatalysts were
assessed at regular intervals (days). As a result, the behaviour of the reaction over time was

measured.



71

3.2.8 Thermal stability

To evaluate the impact of temperature on enzymatic activity, the biocatalyst and EVS
were incubated in phosphate buffer (95 mM and pH 7) at 25, 30, 40, 50, 60, 70, and 80 °C for
10 min. After heating, the samples were cooled in an ice bath and immediately warmed to room
temperature (25 °C) in a water bath before analysis. The activity was measured using p-NPB,
and residual activity was expressed as a percentage of the initial activity described in Section

2.24.

3.2.9 Stability in pH

The evaluation of the impact of pH on enzymatic activity was as follows: the
biocatalysts and EVS were resuspended in 1.0 mL of 95 mM buffer solution in the pH range 4—
9 [sodium acetate buffer (pH 3.6-5.6), sodium phosphate buffer (pH 5.8-8.0) and sodium
carbonate buffer (pH 8.9—10.8)], using p-NPB as the reference reagent. Thus, the enzyme was
incubated in each buffer for about 15 min, and then the activity was measured as described in

Section 2.2.4.

3.2.10 Materials characterization

Scanning electron microscopy (SEM) images and X-ray fluorescence spectroscopy
(XRF) were performed to assess morphology and chemical composition. SEM was carried out
on the QUANTA 450 FEG microscope. The samples were fixed on carbon tape and metalized
with silver using the Quorum QT150ES metallization equipment. An electron beam with 20 kV
was applied. The XRF was performed using a SHIMADZU model EDX-7000 equipment
equipped with a rhodium tube, applying a power of 4 kV to the powder samples.

The morphology and size of the nanoparticles were assessed using transmission electron
microscopy (TEM), and X-ray diffraction (XRD) evaluated the crystallinity and size of the
nanoparticles, allowing comparison with microscopy analyses. TEM was carried out using a
JOEL JEM 1011 microscope operating at 120 kV with a CCD camera. One drop of aqueous
dispersion from each sample was deposited onto a carbon-coated copper grid (200 mesh).
Distribution curves were obtained manually using ImagelJ software. XRD was performed on an
X'Pert MPD X-ray powder diffractometer (Panalytical), with a sweep range of 26 =20 - 80°. A
CuKa tube (1.54059 A) was used for the samples, operating at 40 kV and 30 mA, and scanning
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range 20° - 100°. The diffraction patterns were obtained using Brentano Bragg Geometry in
continuous mode with a speed of 0.5°/min and a step size of 0.02° (20). The Rietveld structure
of refinement was used to interpret and analyze diffraction data using the Maud® program. The
crystal size of each sample was calculated using the Scherrer equation.

Fourier transform infrared spectroscopy (FTIR) evaluated the presence of organic
molecules on the surface of nanoparticles. FTIR was performed on a PerkinElmer 2000
spectrophotometer. Samples were pulverized in an agate mortar and pressed onto kBr discs at
amass ratio 1:10 (sample: KBr). To prevent interference from water and carbon dioxide, spectra
were captured in a vacuum using a Vertex 70v. The range used was 4000 - 500 cm™!, with a
resolution of 2 cm™! and 128 scans.

Thermogravimetric analysis (TGA) was performed on the Q50 TA Instruments
equipment, using a nitrogen atmosphere at 50 cm®/min, with a heating rate of 10 °C/min
between 25 and 900 °C, and the sample mass was 10 mg.

The magnetic curves were obtained using a vibrating sample magnetometer (VSM) at
300 K. To ensure the accuracy of the acquired magnetic moments, the VSM was previously
calibrated using standard reference material. For all measurements, the magnetic moment

obtained for each applied field was normalized by the mass of the nanoparticles.

3.2.11 Production of biolubricants and operational stability from Babassu oil

Free fatty acids were formed from refined babassu oil via enzymatic hydrolysis using
Thermomyces lanuginosus lipase (TLL). The soluble TLL has a specific activity greater than
100,000 U/g, being more effective at a pH range of 2 to 5 and temperatures between 30 to 50
°C (Oliveira Cavalcante et al., 2024). The reaction system was developed based on the
methodology by previous studies (Souza et al., 2019). The solution containing oil and water in
a 1:1 ratio was heated until the system reached a temperature of 40 °C, after which 0.4% TLL
was added. The system remained at 40 °C for 4 h under constant stirring.

The solution was transferred to a separatory funnel, and 100 mL of distilled water at 60
°C was added to separate the FFAs. The lower (aqueous) phase was excluded, and the FFAs
were washed three times. The mixture was transferred to a beaker and heated at 80 °C for 10
min. At the end of 10 min, the mixture was assigned to a funnel with filter paper and anhydrous
1

sodium at 20% m. v~

etal., 2019).

, which was previously dried in a muffle oven at 250 °C for 4 h (Souza
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The production of the ester biolubricants was carried out using the biocatalysts obtained
in this work. The FFAs obtained from babassu oil were esterified in Eppendorf tubes in an
orbital shaker incubator at 200 rpm with 2-ethyl-1-hexanol in a 1:1 molar ratio (Moreira et al.,
2022). After this process, 2% of the biocatalyst FesO4-PEI-DGEBA@EVS was added and
incubated for 24 h in triplicate. The reaction time and the acid number of the supernatant were
determined. 0.2 g aliquots were taken from the reaction volume, diluted in 20 mL of ethyl
alcohol and 3 drops of phenolphthalein, and then titrated with sodium hydroxide (40 mM)
(Souza et al., 2019). The acidity index (Al) was established according to Equation (7).

Nao VNa
Al (%) = MMy qon-Shchyqon- f- (NTOH) @

where MMy ;o 1s the molar mass of NaOH, Shchy,oy- Is the molarity of the solution,
f is the correction factor determined by the standardization of NaOH; Vy,on Is the volume of
NaOH spent in the titration, m is the mass of the sample to be analyzed. The conversion of
FFAs into esters was calculated by Equation (8), considering the acidity at time zero (Al,) and
at time t (Al ).
Alp—Al,

Conversion FFA(%) = — 100 ®)

o

Operational stability was verified by consecutive reactions for producing the
biolubricating ester using 5% of the biocatalyst, 1:5 for molar ratio (acid: alcohol) octyl alcohol
and free fatty acids from babassu oil, 40 °C for temperature, and 5 h of reaction stirred at 200
rpm. Before each cycle, the biocatalyst was separated from the reaction medium by

magnetization and washed three times with hexane to remove unreacted substrates.

3.2.12 Nuclear Magnetic resonance spectroscopy (NMR)

NMR was performed to confirm the esterification of free fatty acids. 1 D and 2 D, 'H,
3C spectra were obtained in Bruker Avance DRX-500 spectrometers, using CDCL3 as solvent.
For NMR spectroscopy, chemical shifts were expressed in parts per million (ppm) and
referenced in the "H NMR spectra by the hydrogen peak belonging to the non-deuterated
fraction of the solvent CDCIls (8H 7.27). The multiplicities of the hydrogen signals in the 'H
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NMR spectra were indicated according to the convention: s (singlet), d (doublet), t (triplet), and

m (multiplet).

3.2.13 Evaluation of viscosity and density

To evaluate the lubricity, the dynamic viscosity (1), the kinematic viscosity (v), and
the density (p) were determined. The Anton Paar SVM 3000 U-Tube viscometer was used,
which was calibrated using a Cannon mineral oil in the temperature range from 273.15 to
393.15 K. These properties were evaluated at atmospheric pressure and the following
temperatures: 293.15, 313.15 and 373.15 K. The SVM 3000 equipment was supplied with the
sample through a 5 mL syringe, ensuring no bubble air was present. The internal temperature
control shows an uncertainty of u(T) = 0.01 K. The uncertainty for density and viscosity was

0.0015 g/cm?® and 0.35 %, respectively.

3.2.14 Molecular docking

Comparative modelling of the EVS protein involved in four stages was performed.
The amino acid sequence of the EVS, with its CAS number 9001-62-1 through the company
Sigma-Aldrich, was submitted to a comparative analysis through the BLAST program (Basic
Local Alignment Search Tool) (Altschul et al., 1990) and in its PDB database. Thus, a protein
related to the amino acid sequence, the lipase enzyme, classified as hydrolase, was identified
by the organism Aspergillus oryzae, expressed through the Escherichia coli-Pichia pastoris
shuttle, obtained from the Protein data Bank with the code 5XK2 being the target protein.

The alignment between the sequences was carried out using the Modeller program

(http://www.salilab.org/modeller/) (Webb & Sali, 2016).

The Modeller program also constructed the model98], thus obtaining a new EVS,
evaluated according to the objective function and stereochemical parameters (Bedoya &
Tischer, 2015).

The model was validated at the stereochemical, conformational, and energetic level.
The quality of the generated model was validated by the Ramachandran chart (Ramachandran

& Sasisekharan, 1963) ) with the PROCHECK program (https://saves.mbi.ucla.edu/), which

evaluated its three-dimensional structure, indicating the possible stereochemical quality

(Laskowski et al., 1993).


http://www.salilab.org/modeller/
https://saves.mbi.ucla.edu/
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The protein created by EVS homology was submitted to a process of load correction,
and hydrogen atoms were added through the Program AutoDock Tools (Morris et al., 2009).

Figure 16 shows the structure of the chemical composition of residual oil from
babassu. This was drawn in the ChemDraw 3D software and later minimized with an MM2
force field with an RMS gradient of 0.0001 (Ahmadi et al., 2005). For structural optimization
purposes, the configuration was performed through the Software Avogadro® (Hanwell et al.,
2012), the configuration with the Merk Molecular Force Field (MMFF94), with cycles of 500
interactions and a steeper algorithm, having the convergence limit of 10e”” (Halgren, 1996) and

later converted to the pdbqt format.

Figure 16 — 2D structure of the chemical composition of residual oil from babassu.
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Source: the author.

Molecular coupling simulation was performed with Code AutoDock Vina (Trott &
Olson, 2009), considering rigid protein and flexible binders. For both calculations, a grid

configuration was performed with parameters of the enzyme active site (Hlima et al., 2021; Cen
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et al., 2019). The energy profiles of the ligand-receptor interactions were also evaluated by

software, and Pymol visualized the anchored poses (DeLano, 2020).

3.2.15 Molecular docking

Molecular dynamics (MD) simulations were performed with the NAMD program
(Phillips et al., 2005a). The best conformations obtained in molecular coupling were solved in
water in the TIP3P model (Kato et al., 2021), in the CHARMM36 force field, and in addition
to ions to neutralize the total system load. Finally, it was submitted to energy minimization by
the Steepest Descent method. The system was then introduced to NVT and NPT balances under
conditions described by Langevin (Farago, 2019). The system production simulations were
performed with a time of 100 ns. The quality of the structures obtained in MDs was evaluated
using the following parameters with NAMD:

a. Potential Energy (kcal/mol) (Diez et al., 2014);

b. Protein-Ligand Interaction Energy (kcal/mol);

c. The mean quadratic deviation of the atomic positions of proteins, binders, and
distances between them (RMSD, A), and the mean quadratic deviation of the
nuclear positions of proteins, ligands, and distances between them (RMSD, A);

d. Hydrogen bonds were evaluated with Visual Molecular Dynamics (VMD)
(Humphrey et al., 1996).

e. The mean quadratic fluctuation of the minimum distances between proteins and
ligands was observed in MD (RMSF, A) (Arshia et al., 2021). The graphs were
generated using the Qtrace program (Lima et al., 2012).

Based on MD log file of NAMD software (Phillips et al., 2005b), the MM/GBSA was
calculated by MolAICal (Bai et al., 2021) and was estimated by Equations (9), (10), and (11).

AGping = AH — TAS ~ AEyy + AGgy — TAS (9)

AEMM = AEinternal + AEele + AE:17dw (10)

AGSOI = AGGB + AGSA (11)
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Where AEMM, AGsol, and TAS represent the gas phase MM energy, solvation-free
energy (sum of polar contribution AGgs and nonpolar contribution AGsa), and conformational
entropy, respectively (Gohlke et al., 2003; Gohlke & Case, 2004). AEmm contains Van Der
Waals energy AEyaw, electrostatic AEete, and AEinemal of bond, angle, and dihedral energies. If
there are no binding-induced structural changes in the process of MD simulations, the entropy

calculation can be omitted (DasGupta et al., 2017).

3.3 Results and Discussion

3.3.1. Functionalization of Fe304 with polyethyleneimine (Fe304-PEI) and activation with
diglycidyl ether of bisphenol A (Fe304-PEI-DGEBA)

This work aims to create a heterofunctional support that would enable very stable
immobilization of the enzyme through multipoint covalent connections and adsorption-based
physical interactions. For this, the preparation of the support followed 2 steps.

The first step was the functionalization of Fe;O4 with polyethyleneimine (PEI). This
modification enables Fe3O4 to improve its resistance against oxidation and allows the support
to have a surface with multiple active amine groups to interact with the enzyme covalently
(Bezerra, Monteiro et al., 2020; Zhang et al., 2016). Both the synthesis of Fe3Os and its
functionalization with PEI were performed via ultrasound, which has already been proven to be
an effective technique with low cost and short operating time (Veisi et al., 2021). In this
technique, acoustic waves create bubbles that grow to a specific size and then collapse, releasing
concentrated energy quickly. The temperature obtained can reach 5,000 K and pressures of up
to 1,000 bar (Neto et al., 2017). Thus, the high energy induced by ultrasonic irradiation allowed
covalent interactions between Fe3O4 and PEI (Neto et al., 2017, 2021).

The second step was the activation of Fe;O4-PEI with diglycidyl ether of bisphenol A
(DGEBA). DGEBA has highly active epoxy groups for enzyme immobilization (Liu et al.,
2018; Mateo, Grazu et al., 2007; Mihailovi¢ et al., 2014). Supports with epoxy groups have the
characteristic of first performing a rapid immobilization by physical adsorption on the surface
of the enzymes, and later, with increasing incubation time, a chemical reaction is formed
between the epoxy group and the nucleophilic groups, giving rise to covalent solid bonds
(Mateo, Grazu, et al., 2007; Zaak et al., 2018). Thus, the immobilization with epoxy groups is
a heterofunctional immobilization (Bezerra, Monteiro et al., 2020). The activation of Fe3Os-

PEI with DGEBA happened mechanically, where the rotation of Fe;O4-PEI with DGEBA likely
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facilitated the covalent interaction between the amine groups of PEI and the epoxy groups of
DGEBA, resulting in the formation of Fe;O4-PEI-DGEBA support. The creation of this new
support probably allowed the immobilization of Eversa® lipase Transform 2.0 (EVS) through
the physical adsorption of epoxy groups and covalent bonds of both epoxy groups and free
surfaces of amine groups. Figure 17 represents the immobilization of the enzyme by the support

obtained in this work.

Figure 17 — Enzyme immobilization (Eversa® lipase Transform 2.0 (EVS) being represented by
Thermomyces lanuginosus lipase (TLL)) by Fe;O04-PEI-DGEBA support.
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Source: the author.

3.3.2 Optimization of the immobilization of Eversa® lipase Transform 2.0 (EVS) on Fe30y4-
PEI-DGEBA

In contrast to other statistical designs, the Taguchi technique provides a simple data
design and is quite effective (Jankovic et al., 2021). Several authors have already reported that
using the Taguchi method in different areas of scientific research (Nemati et al., 2023;
Williamson et al., 2022) effectively reduces the experimental cost and provides a reliable
assessment of the significance of each factor studied (Hayatzadeh et al., 2022). In enzyme
immobilization, the Taguchi method has already shown that conditions of the reaction medium
and the concentration of the enzyme have varied influences on the immobilization depending
on the support used to develop the biocatalyst (Cavalcante et al., 2022; Monteiro et al., 2022;
Rocha et al., 2021). In this study, the Taguchi planning of the L9 orthogonal matrix was used

to quantify the effects and the interaction between the factors involved in the process and



79

identify the parameters that had the most significant influence on the immobilization of the EVS
by Fe3;04-PEI-DGEBA.

Table 7 shows the results obtained, as shown in Section 2.2.2. up to Section 2.2.4,
related to the enzymatic immobilization parameters in terms of percentage immobilization yield
(1Y), theoretical activity in U/g (At. T), derivative activity in U/g (At. D) and recovered activity
in % (At. R). Signal noise (S/N) values were calculated according to Equations (1) and (2).

Table 7 — EVS immobilization results in Fe;04-PEI-DGEBA in Taguchi L9 Planning.

Experiment LY (%) At. T(U/g) At.D (U/g) At. R (%) S/N

1 86.87+£4.24 1538+0.75 6.69+0.67 4549 +5.47  38.777
2 87.81£0.59 50.04+0.33 11.047+0.57 22.074 +£1.01 38.871
3 91.37+1.36 97.25+1.45 1221+1.29 1255+ 1.17  39.216
4 85.15+1.2 50.95+0.71 9.13+1.11 17.92+220  38.604
5 92.85+0.55 73.56+0.44 24.57+2.69 33.35+3.74  39.356
6 89.84£0.35 30.44+0.12 9.39+0.30 30.86 £ 0.93  39.069
7 92.59+295 8831+2.81 14.71+3.69 16.59 £3.71  39.331
8 80.03£3.43 20.33+0.87 10.84+0.44 5342 +3.88  38.065
9 91.24+1.52 3598+0.60 13.707+0.37 38.11+1.64  39.204

Note: EVS is measured in U/g and Fe;O4-PEI-DGEBA in g.
Source: the author.

Table 7 shows that experiments 3, 5, 7, and 9 obtained approximate values of LY, At.
D and S/N. However, experiment 5 obtained the best results, with an immobilization yield of
92.85%, a derivative activity of 24.57 U/g, and a recovered activity of 33.35%. The
immobilization conditions of experiment 5 were 15 h, ionic strength of 50 mM, protein load of
5 mg/g, and temperature of 25 °C.

Eversa® lipase Transform 2.0 (EVS) has already been immobilized on different
support materials by applying varying processing parameters. Remonatto et al. (2022)
immobilized EVS on four different hydrophobic supports, Lewatit-DVB, Purolite-DVB,
Sepabeads-C18 and Purolite-C18 (Purolite C-18 and Sepabeads C-18 are methacrylic resins
functionalized with octadecyl groups, Purolite-DVB and Lewatit DVB are methacrylic resins,
non-functionalized divinylbenzene groups) and obtained immobilization yields of 55.5%,
65.1%, 86% and 98%, respectively, using 10% by weight of EVS in 24 h of reaction. Souza et
al. (2022) achieved an immobilization yield of 74.2% by immobilizing Eversa® lipase
Transform 2.0 (EVS) on hybrid support composed of chitosan (CHI) and agarose (AGA)
activated with glutaraldehyde (GLU) under the optimized conditions of 1 h, 5 mM ionic
strength, activated with 1% GLU and 5 mg protein load per g of support (Sousa et al., 2022).
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Thus, it is possible to note that the immobilization results obtained in this research closely align
with those published in the literature.

The literature also shows the effective use of several supports activated with epoxy
groups for immobilizing other lipases. Mihailovi¢ et al. (2014) immobilized the CALB lipase
with epoxy groups activating the Purolite® A109 resin (which is a polystyrene resin with
primary amine functional groups) where it obtained immobilization yields of 85% for 2.25 mg/g
of support in 10 pl of CALB solution and 95% to 22.5 mg/g of support in 100 ul of CALB
solution. The work revealed that the lipase is bound in a more active conformation in the support
modified with epoxy, indicating a better spatial arrangement of the lipase due to different
groups. Therefore, various regions of enzymes participate in the fixation (Mihailovi¢ et al.,
2014). The immobilization of enzymes through physical adsorption and covalent bonding with
protein amine, thiol, or hydroxyl groups is made possible by activating supports with epoxy
groups (Bilal, Rasheed, et al., 2018; Kujawa et al., 2021; Mateo et al., 2000; Rodrigues,
Berenguer-Murcia et al., 2021).

The amount of free chains that activate the epoxy groups that allow for the support
necessitates a more significant amount of protein to saturate the immobilization (Mateo et al.,
2000; Rodrigues, Berenguer-Murcia et al., 2021). Protein concentration was the factor that most
influenced EVS immobilization on Fe3;04-PEI-DGEBA support. Table 8 shows the ranking of
each parameter (time, ionic strength, protein charge, and temperature) based on Delta values

(difference in S/N ratio values between the highest and lowest levels of process factors).

Table 8 — Response from S/N ratios.

Level Time (h) Ionic strength (mM) Protein load (mg/g) Temperature (°C)
1 38.95478 38.90413 38.63728 39.11225

2 39.00957 38.76386 38.89276 39.09052

3 38.86668 39.16306 39.30100 38.62827

Delta 0.142890 0.39920 0.663720 0.48398

Ranking 4° 3° 1° 2°

Source: the author.

The signal-to-noise ratio (S/N) can identify the parameters most influencing an
experimental design using the Taguchi method, as shown in Figure 18. In this work, the S/N

was created using the greater-is-better ratio.
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Figure 18 — Response from S/N ratios.
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It is worth noting that protein load had the most significant influence on the
immobilization of the EVS on the support, with a considerable difference in the S/N values
when the load of 1 mg/g reached 5 mg/g (S/N values came out from 38.65 to 39.3), which can
be explained by the number of free reaction sites on the surface of the support that are capable
of immobilizing the EVS by multipoint covalent (Liu et al., 2018; Mateo, Grazu, et al., 2007;
Rodrigues, Carballares, et al., 2021). The synergistic effect of temperature and ionic charge
further enhanced the biocatalytic activity of the formed biocatalyst.

Increasing temperature caused a reduction in S/N values. The free enzyme has
distortion agents, such as high temperature and the presence of organic solvents or chaotropic
agents (Proc et al., 2010), and multipoint covalent immobilization minimizes the effects of these
factors. However, immobilization on supports functionalized with PEI and activated with epoxy
groups occurs in two phases, first through physical adsorption and then through the formation

of covalent bonds during the incubation period (Bezerra, Monteiro et al., 2020) Thus, we can
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assume that a temperature rise reduced the enzyme's immobilization capacity in the initial
moments of the process. In contrast, the increase in ionic charge enables a better enzymatic
immobilization capacity to a specific extent in physical adsorption (Proc et al., 2010).

In the immobilization conditions of this research, the time we had the lowest
significance compared to the others. Better outcomes for immobilization are observed when the
duration is increased from 6 to 15 h, which can be attributed to the fact that 6 h is insufficient
to allow for a complete first reaction. However, immobilization decreases when the time is
increased to 24 h, which can be related to an enzymatic deactivation or leaching process (Han
et al., 2021; Ismail & Back, 2020a). Even with these differences, the S/N values for the time
parameter did not have a significant difference, as shown in Figure 1.

The contact time for immobilization is a critical factor in some studies published in the
literature using different supports and lipases (Barbosa et al., 2012; Bilal et al., 2021; Silva et
al., 2022), where there is a significant difference between the immobilization results obtained
with short and long contact times. Highly long periods may confer supersaturation on supports
with fewer free reaction surfaces, resulting in mass transfer limitations that affect substrate
dispersion and cause a decline in enzymatic activity. In contrast, the enzymatic contact process
is limited at short times (Cavalcante et al., 2022; Sousa et al., 2022). Heterofunctional supports,
such as the one produced in this research, have the characteristic of starting the immobilization
process with rapid physical adsorption and, subsequently, generating covalent interactions with
the enzyme (Bezerra, Monteiro et al., 2020; Zaak et al., 2018). Furthermore, supports activated
with epoxy groups have the characteristic of having multiple free reaction groups, making it
necessary to block after immobilization to prevent damage to enzymatic catalysis (Mateo,
Grazu, et al., 2007; Mateo, Graz{, et al., 2007; Mihailovi¢ et al., 2014). As a result, it is possible
to assume a small sign of the time parameter compared to the other parameters studied in the
production of this biocatalyst.

The analysis of variance (ANOVA) in Table 9 shows the statistical significance of
each parameter studied in the planning, p-value attests to the impact of each factor for the
proposed model, for an importance with a 95% confidence interval p-value must be less than

0.05 (Cavalcante et al., 2022; Sousa et al., 2022).
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Table 9 — ANOVA results for parameters that affect immobilization.

Factor SS DF MS F-value p-value Contribution (%)
Time - - - - - -

Ionic strength ~ 0.246082 2 0.123041 7.89156 0.112466 17.60

Protein load 0.672444 2 0.336222 21.56454 0.044317 48.10
Temperature 0.448372 2 0.224186 14.37879 0.065025 32.07

Residual 0.031183 2 0.015591 - - 2.23

Total 1.3981 6 0 100

Source: the author.

The protein load had the highest statistical significance, with a 48.10% contribution to
the total immobilization result of the four parameters studied. Temperature and ionic strength
acted in association with improving immobilization results, obtaining 32.07% and 17.60%,
respectively. The synergism between each parameter is of extreme statistical importance to
understand the degree of influence of the factors in the joint conditions on the recovered activity
(Cavalcante et al., 2022; Sousa et al., 2022). Taguchi planning uses the system of orthogonal
matrices that allows for predicting the response of the immobilization yield in the intersection
of the parameters used.

Figure 19 shows the response surface of the interaction between protein charge and
temperature, parameters that most influenced immobilization. It is possible to observe that the
5 mg/g protein load obtains the best results optimized in the temperature ranges between 25 and
30 °C.

The ionic strength shows that there can still be better immobilization results using the
95 mM values corresponding to design level 3 (Figure 18). Fernandez-Arrojo et al. (2015)
showed that the ionic strength is considerably active in the physical protocols of enzymatic
immobilization, with considerable changes in the optimization of the experiments.

Time acted as an intermediate parameter in the planning of this research, with level 2
being the most suitable for immobilization, where there is no limited time to start the process

but also does not exceed the time of loss of enzyme activity.
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Figure 19 — Contour surfaces display the interaction effects between the evaluated factors as a function
of immobilization yield (L.Y).
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Table 11 shows the optimized conditions for immobilization of the EVS by the Fe;04-
PEI-DGEBA support, which was not tested a priori but verified after the Taguchi planning

results.

Table 10 — Optimal conditions for EVS immobilization by Fe3;O4-PEI-DGEBA.

Factor Time (h) Ionic strength (mM) Protein load (mg/g) Temperature (°C)
Level 2 3 3 1
Level values 15 95 5 25

Source: the author.

The optimal conditions presented by the Taguchi method showed better
immobilization results, with percentage immobilization (I.Y) of 95.04 + 0.79, theoretical
activity in U/g (At. T) of 86.84 + 8.85, derivative activity in U/g (At. D) of 29.73 + 0.44 and
recovered activity in % (At. R) of 34.48 + 3.66. Thus, this Fe3Os-PEI-DGEBA@EVS

biocatalyst was used to obtain the maximum loading capacity, the immobilization course,
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thermal stability, pH stability, and storage capacity, and characterized at structural and magnetic

levels. Furthermore, this biocatalyst was used to obtain biolubricants from babassu oil.

3.3.3 Analysis of the immobilization parameters of the biocatalyst Fe;04+PEI-DGEBA@EVS

The essential parameters to understand the efficiency of the enzymatic immobilization
protocol and the impacts of the enzyme's catalytic activity, as well as the efficiency of the
method and the viability of the immobilization, are shown in Figure 20 where all the graphs

related to the biocatalyst Fe304-PEI-DGEBA@EVS are shown.

Figure 20 — Enzyme immobilization parameters. a) Maximum enzyme load capacity (Maximum load
test of FesO4-PEI-DGEBA@EVS in time 12 h, ionic load 95 mM, temperature 25 °C and protein load
1:1 - 1:50 mg/g); b) Storage capacity (Effect of storage time on the activity of the Fe;O4-PEI-
DGEBA@EVS biocatalyst over 12 h, ionic load 95 mM, temperature 25 °C and protein load 1:5 mg/g);
c) Thermal stability (at different temperatures 25 °C - 80 °C) of the soluble and immobilized EVS
enzyme under optimal conditions; d) pH stability (at different pH 4 - 9) of soluble and immobilized EVS
enzyme under optimal conditions.
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3.3.4 Maximum enzyme loading capacity

Figure 20 - a) shows the maximum load capacity of the EVS that can efficiently
interact with the FesO4-PEI-DGEBA@EVS support. Analyzing these parameters allows an
adequate interpretation and precise assimilation of the maximum capacity of support by the
biocatalyst. In this way, it is possible to verify the adhesion of the enzyme to the support, as
well as whether all enzymes stabilized on the support remain active or suffer some inactivation
caused by structural, conformational modification or formation of enzymatic multilayers,
causing the biocatalyst to be partially inactivated by spherical blocking (Arana-Pena et al.,
2021; Fernandez-Lopez, Pedrero et al., 2017). The immobilization yield from the optimal point
up to 20 mg/g of the enzyme on the support maintained a yield above 98%. From that point on,
the yield began to decrease a percentage decrease. The activity of the derivative had its
maximum point at 25 mg/g, showing that the support can immobilize 20 mg/g of enzyme more
than the optimal point shown (5 mg/g), before obtaining surface saturation and beginning to
have its activity diminished. Too much enzyme in the solution can cause interactions between
enzymatic molecules, forming conglomerates that inhibit the elastic elongation of the enzymatic
conformation, resulting in spherical deficiency and inactivation (Fernandez-Lopez, Pedrero et
al., 2017; Okura et al., 2020; Siar et al., 2018).

Superficial saturation of the support by the enzyme also compromises operational,
thermal, and pH stability due to possible enzymatic inactivation and leaching (Anwar et al.,
2017). The knowledge of the maximum load capacity of Eversa® lipase Transform 2.0 by the
Fe304-PEI-DGEBA support allows us to determine the ideal amount without incurring
unnecessary costs. Sousa et al. (2022) immobilized the EVS on support based on chitosan (CHI)
and agarose (AGA) activated with glutaraldehyde (GLU). They found that the biocatalyst
activity was nearly saturated at 23 mg/g and that the immobilization yield started to drop at

about 7 mg/g.

3.3.5 Storage stability

Figure 20 - b) shows the storage stability of the produced biocatalyst over 60 days at
4 °C. The storage capacity of the immobilized enzyme is of considerable importance in the
production of biocatalysts (Awad et al., 2020). In general, the enzyme in its soluble form is not
stable during storage, gradually reducing its activity over time. The reduction in free lipase

activity is associated with its autolysis during storage time or as a time-dependent natural loss
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(Aghaei et al., 2021a). After 60 days, the relative activity of this biocatalyst was 90.46%.
Heterofunctional immobilization of the scaffold created a favourable activity rate, reducing the
influence of autolysis and possibly stabilizing the active free form of lipase. Aghaei et al.
(Aghaei et al., 2021a) immobilized Candida rugosa lipase on an epoxy-activated cloisite (ECL)
backing and achieved 30-day storage stability of 87.3%.

3.3.6 Thermal stability

Figure 20 - c¢) analyzes the thermal deactivation of soluble and immobilized EVS
against temperature variations. Immobilized enzymes generally have more thermal resistance
than the free form, which is related to the restriction of enzyme mobility and increased rigidity
(Eslamipour & Hejazi, 2016; Nwagu et al., 2021). In this study, the soluble and immobilized
enzymes showed their highest activities at 25 °C and 30 °C, respectively. The soluble enzyme
showed a sharp drop in its activity at temperatures above 40 °C, a result that can be observed
in studies using EVS (Feedstocks et al., 2021; Remonatto et al., 2022; Remonatto, Oliveira et
al., 2022; Sousa et al., 2022). It can be observed that the support of this work contributed to the
increase in the thermal stability of the EVS, with better immobilization activities at
temperatures above 40 °C, when compared to the soluble enzyme. At 60 °C, the biocatalyst
also showed a sharp drop-in activity. However, the biocatalyst still presented a relative activity
of approximately 28.55% at 70 °C, while the soluble enzyme no longer showed any significant
activity. These results reveal the crucial role of immobilization in protecting enzymatic activity

(Mohd Hussin et al., 2020).

3.3.7 Stability in pH

Figure 20 - d) analyzes the effect of pH on enzyme performance over a range of values
from 4 to 9. The surface charges of the transporter influence the pH of enzyme activity. The
optimal pH is related to hydrogen bonds or ionic interactions between the support and the lipase.
Positively charged supports changing the optimal pH to a lower pH, while negatively charged
supports carry out the opposite process. In this way, the anions and the cations placed on the
supports attract or repel protons from the medium and modify the proton density in the solution
around the immobilized enzyme (Binhayeeding et al., 2020; Isik et al., 2019; Poonsin et al.,
2020). This work detected the maximum hydrolytic activity for free lipase and biocatalyst at

pH 7 and 9, respectively. The immobilization procedure contributed to the increase of
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enzymatic activity at alkaline pHs. Reports have shown that the lipases immobilized on organic,
inorganic, or hybrid supports are prone to increased activity at pHs between 7.0 and 10 (Ding
et al.,, 2019; Villeneuve et al., 2000). This variation can be explained by several factors
associated with immobilization. Changes in enzymatic conformation, improved thermal
stability, specific interactions between the enzyme and the support, and the microenvironment
created by the support can alter the optimal pH values (Ren et al., 2011; Shuai et al., 2017).
The stability of immobilized enzymes at different pHs may be related to the interaction
between the support and the enzyme that stabilizes the active site's structure and reduces the
enzyme's mobility after immobilization. The pH stability of the biocatalyst in this research can
be conferred by the improved rigidity of the enzyme conformation due to the heterofunctional

bonds of the support (Mateo, Grazu et al., 2007; Nezhad & Aghaei, 2021; Zaak et al., 2018).

3.3.7 Materials characterization

The scanning micrographs of the Fe3O4, Fe304-PEI, Fe;04-PEI-DGEBA, and Fe;04-
PEI-DGEBA@EVS samples, in addition to the XRF maps (inserts), are presented in Figure 21
- a), b), ¢), and d). The morphology of the support is shown. A difference in the rugosity of the
materials indicates a slight change in the composition of the material. The XRF spectra show
slight variations in the elemental compositions, indicating small decreases in Fe atoms and the
appearance and increase of other materials such as Cl, S, P. Corroborating the notion that the
support is being strengthened with additional materials. All images showed a laminar surface
morphology. SEM and XRF served as complementary analyses to determine whether the EVS
was immobilized on the surface of the support, thus forming the Fe3s04-PEI-DGEBA@EVS

biocatalyst.
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Figure 21 — SEM micrographs / XRF maps and elemental spectra a) Fe;Oa; b) FesO4-PEI; ¢) Fe;0s-
PEI-DGEBA, and d) Fe;04-PEI-DGEBA@EVS.
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The transmission micrographs of the Fe3Os, Fe3s04-PEI, Fe3;04-PEI-DGEBA, and
Fe;04-PEI-DGEBA@EVS samples and their respective particle size distribution curves
(inserts) are shown in Figure 22 - a), b), ¢) and d). TEM shows that the samples have a spherical
morphology, which is normal when Fe3Oj is prepared by sonicating Fe?* and Fe** ions with
ammonium hydroxide (Neto et al., 2017, 2021). The size distribution curves had the results of
10.27 + 2.35, 12.80 = 2.02, 13.15 + 2.35 and 12.44 + 2.16 nm for Fe3Oa, Fe304-PEI, Fe30s-
PEI-DGEBA and Fe304-PEI-DGEBA@EVS, respectively. We can consider the average
diameters as statistically similar even though there is a little rise in particle size, a finding

consistent with the increase in materials. No irregular morphology was observed.
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Figure 22 — TEM micrographs/particle size distribution curves a) Fe;Os; b) FesO4-PEI; c) Fe;O4-PEI-
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X-ray diffraction (XRD), Fourier transform infrared spectra (FTIR),
thermogravimetric analyses and their respective differential curves (TGA and DTG) and
magnetization curves (VSM) are shown in Figure 23 - a), b), ¢), d) and e).

Figure 23 - a) shows the diffraction profile obtained. A Rietveld analysis using the
Maud® program was performed to acquire deeper information about the crystalline structure of
the samples phase composition. The blue, red, green, and yellow dots show the experimental
data for Fe3Oa, Fe304-PEI Fe3s04-PEI-DGEBA, and Fe;O4-PEI-DGEBA@EVS. The black line
indicates the calculated data. Analysis of the position and intensity of XRD reflections showed
that the crystalline structure in all samples can be assigned to inverse cubic spinel Fd3m (ICSD
code: 84611), characteristic of FesO4 (Iyengar et al., 2014). However, it is known that as Fe304
decreases below 20 nm, its average particle size and oxidation rate increase, and the y-Fe>Os
maghemite phase can also act (Baaziz et al., 2014; Daou et al., 2006; Santoyo Salazar et al.,
2011). However, we believe that PEI functionalization slowed the Fe;O4 oxidation rate since

high magnetization values were obtained for this sample. PEI is a functionalizing agent for
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enzyme immobilization and an agent that supports maintaining a degree of magnetization
suitable for reuse in its enzymatic catalysis (Bezerra, Monteiro et al., 2020).

Narrow and well-defined peaks showed high crystallinity in all samples. All
diffractograms do not show changes or peak shifts, suggesting that functionalization with PEI,
activation with DGEBA, and immobilization with EVS do not change the crystallinity of Fe3O4,
thus being an interaction on the surface of the nanoparticle (Sousa et al., 2022).

Figure 23 - b) shows infrared spectra with Fourier transform. All spectra showed a
band in the range of 600 cm’!, characteristic of Fe-O bond vibrations in the y-Fe,O3 and Fe3O4
phases, indicating that the synthesized materials consist of partially oxidized Fe304. (Yang et
al., 2010; Zhang et al., 2019). In this band, it was possible to verify that the magnetite remained
after functionalization with PEI, activation with DGEBA and immobilization of the EVS. The
bands around 1600 cm! and 3500 cm™! also remained. They are related to the presence of
hydroxyl groups and are attributed to OH flexion and elongation (Roca et al., 2007; Sharifi
Dehsari et al., 2018). The functionalization of Fe;O4 with PEI can be observed in the appearance
of more bands between 800 cm™ and 1600 cm™!, which can be attributed to C-N stretching
vibration, C-H bending vibration and N-H bond bending vibration (Khoobi, Motevalizadeh et
al., 2015; Liu et al., 2018; Neto et al., 2017; Silva et al., 2023). After activation of Fe3O4-PEI
with DGEBA, the FTIR spectra will show a clear distinction with the appearance of other small
bands that may be related to vibrations of the epoxy groups (Aghaei et al., 2021; X. Jiang et al.,
2016; Sciancalepore et al., 2015; Tripathi et al., 2017). The immobilization of the EVS on the
Fe304-PEI-DGEBA support can be linked to a distinction in the FTIR bands that can be
observed once again in the range of 800 cm™ and 1600 cm™, suggesting the existence of
electrostatic interactions and hydrogen bonds, as well as covalent interactions both with the
amine groups of PEI and with the epoxy groups of DGEBA, characterizing a heterofunctional
immobilization, which appears as a very stable immobilization for the activity of lipases
(Barbosa et al., 2012; Rios et al., 2016; Rodrigues, Carballares et al., 2021).

The thermogravimetric analysis and their respective differential curves are shown in
Figure 23 - ¢) and d), respectively. The Fe3O4 sample showed an initial mass loss event of 3%
around 80 °C, related to water weakly adsorbed on the surface (humidity) and a volatile
composition in the sample. After this event, Fe304 continues in a continuous mass loss process,
stabilizing at a loss of approximately 12.5% around 500 °C. The Fe3Os-PEI and Fe3O4-PEI-
DGEBA samples exhibit two distinct mass loss events, initially around 80 °C like the Fe3O4
sample, but with a more pronounced loss of 6% and 4%, respectively. Subsequently, a more

pronounced loss at 450 °C stabilizes with 22% and 25% losses, respectively. The Fe;O4-PEI-
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DGEBA@EVS sample presented the highest percentage of loss, presenting again an initial
event with a loss of approximately 7%, an event close to 200 °C, with a loss of 5% and being
continuous up to approximately 700 °C where it stabilizes with a mass loss accumulation of
45%. The more pronounced mass losses in the Fe;O4-PEI samples may be related to the amine
groups that can form hydrogen bonds with water, and in the Fes04-PEI-DGEBA samples an
indication of the reaction of epoxy groups with the amines, decreasing the number of adsorption
sites for water (Bezerra, Monteiro et al., 2020; Khoobi, Motevalizadeh et al., 2015; Mateo et
al., 2000; Mihailovi¢ et al., 2014). The most significant loss in Fe304-PEI-DGEBA@EVS may
be related to the more substantial amount of organic materials, which is revealed as further
evidence of EVS immobilization by the support produced in this research (Liu et al., 2018;
Mateo, Grazu et al., 2007; Monteiro et al., 2022; Silva et al., 2023; Xu et al., 2021).

Figure 23 - e) shows the magnetization curves. A very low coercivity was presented,
highlighting the superparamagnetic nature (Damasceno et al., 2020; Khoobi, Motevalizadeh et
al., 2015). The magnetization saturation (Ms) for Fe;O4 obtained a 73.26 emu/g. This value is
lower than values already exposed in the literature of 92 emu/g for crude Fe3Os (Khoobi,
Motevalizadeh et al., 2015). The presence of surface spin disturbances can explain this fact. As
the nanoparticle size decreases and the number of oxidized materials increases, the maghemite
phase y-Fe»0s3, increases the amount of oxidized material, as reported in the analyses XRD and
FTIR (Neto et al., 2017), decreasing the magnetic potential of Fe3O4. The Fe3O4-PEI, Fe30s-
PEI-DGEBA, and Fe;04-PEI-DGEBA@EVS samples showed magnetizations of 57.35, 46.75,
and 44.15 emu/g, respectively. These results support the idea that the surface of Fe;O4 contains
non-magnetic elements. In this respect, with the Fe;O4-PEI-DGEBA@EVS sample having the
lowest magnetization values, we can assume that the EVS immobilization was successful on

the heterofunctional support.
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Figure 23 — a) XRD; b) FTIR; ¢) TGA; d) DTG and ¢) VSM.
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3.3.8 Production of biolubricants and operational stability from Babassu oil

Figure 24 shows the reuse cycles of the Fe30s-PEI-DGEBA@EVS biocatalyst for the
esterification of babassu oil-free fatty acids. Productivity is one of the most critical concerns

for the commercial production of biocatalysis using immobilized lipases, with reuse serving as
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a means of compensating the higher cost of enzymes than chemical catalysts. Enzymes that can
produce good results with the most re-uses can lower the cost of producing biolubricants
(Atiroglu, 2020; Babaki, Yousefi et al., 2015). It was possible to carry out ten cycles with the
biocatalyst of this work without the esterification yield dropping below 50%. A reduction in
yield was observed after each cycle due to lipase deactivation. This deactivation may be due to
repeated treatment of the biocatalyst (shaking, washing, and recycling) and contact with hexane,
which can alter the lipase conformation (Aguieiras et al., 2016). This work's biocatalyst
obtained 97.91% of the yield in its first esterification cycle. After three cycles, the yield was
74.86% and reduced to 58.79% after seven cycles. After the tenth cycle, the yield obtained was
52.86%. Xie and Huang (Xie & Huang, 2018) immobilized Candida rugosa biocatalyst on
magnetic graphene oxide (activated with carboxylic, hydroxyl, and epoxy groups). They used
it to produce biodiesel from commercial soybean oil, obtaining a yield of 92.8% and the ability
to perform five cycles above 75% yield. Chang et al (Chang et al., 2021) used free Eversa®
lipase Transform 2.0 to produce biodiesel from cooking oil and obtained a 96.7% yield in the

highest conversion.

Figure 24 — Operational stability. Reaction medium: 5% of the biocatalyst Fe;O4-PEI-DGEBA@EVS,
free fatty acids from babassu oil and octyl alcohol (1:5). The reactions were carried out for 5 hours at
40 °C and 200 rpm.

100 -

H

Hi

80 -

HH

H

HH
HH

60 -

!

40

20

Relative conversion (%)
H

1 2 3 456 7 8 9 10

Number of cycles

o

Source: the author.



95

3.3.9 Nuclear Magnetic Resonance Spectroscopy (NMR)

Figure 25 shows the results of nuclear magnetic spectroscopy. Figure 25 - a) shows
Babassu's Free Fatty Acid (FFA) spectrum, which contains the following fatty acids: lauric,
myristic, palmitic, oleic, caprylic, capricious, linoleic, and stearic. In the signal at 6 0.88 ppm,
we identified a multiplet (m), related to terminal methyl hydrogens. In the 6 1.26 ppm signal, a
very intense peak was identified associated with the resonance frequency range of the other
methylene groups. At d 1.52 ppm, we identified a multiplet (m) related to methylene hydrogens
in the B-carbonyl position. At d 2.42 ppm, we identified a multiplet (m) related to methylenes
o hydrogens-carbonyl. The 6 signals 4.17 ppm and 4.28 ppm identify multiplets (m) associated
with allylic hydrogens (Fernandes et al., 2021; Lopes et al., 2017; H. Rodrigues et al., 2023).

In Figure 25 - b), the '"H NMR spectrum shows characteristic signs of biocatalytic
esterification of babassu FFA. At 6 0.9 ppm we identified a triplet (t) that refers to terminal
methyl hydrogens. The signals close to 6 1.26 and 1.36 ppm are multiplets (m) related to the
remaining methylene hydrogens of the carbon chain, as they have very close resonance
frequencies, where the peaks can overlap in this chemical shift region. At 1.62 and 1.73 ppm,
we have singlets (s) and at § 2.31 ppm we have a triplet (t), all related to the methylene
hydrogens located in the o and B -carbonyl positions of the ester, highlighting that there was
alcohol conversion. The 6 3.56 ppm signal is associated with the singlet (s) of the methylene
hydrogens linked to hydroxyl, referring to the substrate in the reaction medium, octyl alcohol.
At 8 3.98 ppm we have a triplet (t) associated with the methylene hydrogens directly linked to
the oxygen of the ester, suggesting that there was enzymatic esterification of the alcohol
(Bezerra et al., 2020; Caroline et al., 2014; Kamalakar et al., 2013; Nery et al., 2019; Sousa et
al., 2022).
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Figure 25 — a) Characterization of the FFA. "H NMR (500 MHz, CDCl;). b) Characterization of the "H
NMR biolubricant (500 MHz, CDCI3) where R is related to the chemical composition of the residual

babassu oil (Fatty acids: lauric, myristic, palmitic, oleic, caprylic, capric, linoleic, stearic).
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3.3.10 Biolubricant viscosity and density

Table 11 presents the attractive viscosity and density evaluation for using babassu esters
as a biolubricant. The kinematic viscosity showed 12.736, 6.0520, and 1.3879 mm?/s at 20, 40,
and 100 °C, respectively, following reports on babassu esters and conforming to ASTM D 341.
At 40 °C, the biolubricant falls into the ISO VG (Viscosity Grade) 7 category. ISO VG 7 oils
are generally considered low-viscosity oils, and their application is more directed towards low-
load and low-speed systems (Bezerra et al., 2020; Coelho et al., 2022).

The kinematic viscosity values of babassu oil were not suitable for calculating the
Viscosity Index (VI) according to ASTM D2270 and ISO 2909, as these standards are defined
only for petroleum products with kinematic viscosity more significant than 2 mm?s at 100 °C
(Bréda et al., 2022; Kurre & Yadav, 2023; Noguchi et al., 2023). There is no universally
accepted specific standard for calculating the VI of vegetable oils (Sousa et al., 2023; Kurre &
Yadav, 2023). When dealing with particular vegetable oils, it is advisable to check for specific
standards or test methods for this type of material. Depending on the application or industry,
particular standards or procedures may define methods for measuring viscosity and calculating
the VI of vegetable oils (Bréda et al., 2022; Sousa et al., 2023; Kurre & Yadav, 2023; Noguchi
et al., 2023). In this sense, when dealing with vegetable oil, which does not have kinematic
viscosity greater than 2 mm?*s at 100 °C, it is advisable to compare dynamic viscosity,
kinematic viscosity, density, and acidity index data with other biolubricants already studied in
the literature.

The density of babassu oil showed values of 0.8472, 0.8328, and 0.7864 g/cm? at 20,
40, and 100 °C, respectively, low values consistent with those required for lubrication in low-
load and low-speed systems (Franco, 2020; Owuna, 2020). The acidity index is another
essential physicochemical measure to be presented in a biolubricant. For the biolubricant in
question, an acidity index of 0.14 mg KOH/g was obtained, according to data obtained in the
literature and with the Brazilian legislation ANP, 1999 (Bezerra et al., 2020).

Comparing the kinematic viscosity at 40 and 100 °C with other vegetable oils studied
as biolubricants obtained by enzymatic esterification, palm oil esters showed values of 4.7 +
0.3 and 1.8 = 0.1 mm?s, respectively (Abd Watfti et al., 2022b). In this study, enzymes were
used to synthesise trimethylolpropane ester (TMP), a component of biolubricants, from high-
oleic palm oil methyl ester (HO-PME). The enzyme used was lipase 435, an immobilized form
of Candida antarctica B lipase (CALB) (Abd Walfti et al., 2022). In contrast, soybean oil esters
showed kinematic viscosity at 40 and 100 °C of 8.9 and 2.9 mm?s, respectively (Sabi et al.,
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2022). In this study, the oil esterification occurred using a biocatalyst based on Octyl-SiO>
immobilizing Candida rugosa (Sabi et al., 2022). Under certain conditions, the produced

biolubricant aligns with other biolubricants mentioned in the literature.

Table 11 — Biolubricant properties.

Temperature (°C)

Properties

20 40 100
n (mPa.s) 10.790 5.0398 1.0915
v (mm?/s) 12.736 6.0520 1.3879
p (g/cm?) 0.8472 0.8328 0.7864

Note: 1 = Dynamic viscosity; v = Kinematic viscosity; p = Density.
Source: the author.

3.3.9 Molecular docking

Molecular coupling studies were conducted to support the theories used to explain the
results observed for lipase. In order to forecast its affinity, orientation, and surrounding surfaces
for immobilization purposes, it was structurally analyzed by molecular modelling by a study of
lipase coupling EVS (modelled) using the software AutoDock Vina and DS. According to the
literature, the van der Waals forces and hydrogen bonds were favourable with the binding
affinities predicted by molecular coupling studies (Chaturvedi et al., 2015).

The catalytic site of the EVS, a triad represented by Ser 153, His 268, and Asp 206, with
serine residue acting as a nucleophile, is located inside the substrate pouch. Only substrates of
appropriate molecular forms can occupy these subsites to undergo catalysis. The strict substrate
conformation requirements for active EVS sites and substrate binding sites offer the possibility
of finding specific binding sites in the inactive regions of the enzyme surface to guide the
direction of immobilization.

The binding affinity for the anchored composition oil with the enzyme was estimated to
be between -4.6 kcal/mol and -6.0 kcal/mol, as shown in Table 12. The lower binding energy
suggests that the combination of substrate and lipase was more stable and suitable for

esterification. The simulation results are displayed in 2D in Figure 26.
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Table 12 — Oil composition and molecular docking results.

Compounds PubChem number Energy (kcal/mol) RMSD (A)
Capric acid CID 2969 -4.9 2.1
Caproic acid CID 8892 -4.6 2.0
Caprylic acid CID 379 -4.6 1.7
Lauric acid CID 3893 -4.9 0.9
Linoleic acid CID 5280450 -6.0 1.9
Myristic acid CID 11005 -5.7 1.9
Oleic acid CID 445639 -5.8 1.2
Palmytic acid CID 985 -4.7 1.7
Stearic acid CID 5281 -5.6 2.0

Source: the author.

According to the molecular docking study, only the structures of caproic acid, caprylic
acid, lauric acid, linoleic acid, and stearic acid interacted with the catalytic triad, more precisely
with the approximation of the carboxylic acid region to serine 153 or His 268, which, according
to the literature, slightly favours the formation of an ester in the esterification reaction (Ben

Hlima et al., 2021; Cen et al., 2019).
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Figure 26 — Interactions of babassu oil composition and the catalytic triad of EVS lipase Ser153-His268-

Asp206, together with amino acid residues
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Linoleic acid showed one hydrogen bridge at His 268, regions where an esterification
reaction can occur. In addition, hydrophobic interactions were observed at Tyr 92, Phe 265, Val
269, and Leu 283 all of which were alkyl and n-alkyl types. In addition, an interaction of the
pi-stack type with the Phe 265 residue was also observed in Figure 27.

Figure 27 — Linoleic acid interactions between the catalytic triad of EVS lipase Ser153-His268-Asp206
(green) and amino acids residues.

Leu 283

Source: the author.

3.3.10 Molecular dynamics

A thermodynamic system consisting of solute and solvent can be represented by a
complex involving protein, ligand, solvent, and ion. Within this system, various types of
intermolecular forces contribute to the interactions between the molecules, in addition to
thermal exchanges between the molecules and ions present. According to the laws of
thermodynamics, the relationship between these molecules and how heat transfer occurs is
determined by several energy changes, as reported by numerous sources (Arcon et al., 2017;
Beretta, 2020; Chinaka, 2021; Struchtrup, 2020).

Considering this, molecular dynamics simulations were conducted on protein-ligand
complexes using NAMD to investigate the possible occurrence of global conformational

changes and protein stability after each conformational change and to obtain insights into the
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mechanism of interaction of the complexes at the molecular level. These simulations were
carried out to provide a better understanding of the thermodynamics of the system and the
factors that influence the stability and behaviour of the protein-ligand complexes (Byléhn et al.,
2021; Du et al., 2016).

The outcomes of these simulations can help design drugs and therapeutics and develop
new chemical processes that can improve the efficiency of chemical reactions. Therefore, the
results of these simulations have significant implications for a wide range of scientific and
industrial fields, such as drug development, biotechnology, and materials science (Vamathevan

etal., 2019).

3.3.11 RMSD analysis

After molecular docking, the composition of babassu oil was selected based on its
binding solid energies for further molecular dynamics studies at the catalytic site of Eversa®
lipase Transform 2.0 (EVS), as shown in Figure 28. The simulations revealed that the average
RMSD values for EVS remained around 0.63 A throughout the 100 ns production stages.
Caprilic, Lauric, and Caproic acid showed stable values with an average RMSD of 1.9 A.
However, other acids exhibited stable values with RMSD above 2.0 A, which is consistent with
previous studies, who used MD simulations to evaluate the stability of a viral protease enzyme
in an aqueous solution with different ligands containing varying levels of a helix and 3 sheets.
The long-range interactions were calculated using the SPME procedure and a Langevin thermal
bath at 310 K (Miyamoto et al., 2014). The mean quadratic deviations (RMSD) were used to

describe the conformational changes of the protein observed during MD simulations.
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Figure 28 — Root Mean Square Deviation (RMSD), concerning the initial confirmation of the ligand-
enzyme complex versus the simulation time (ns) in the production simulations step of the MD with oil
composition babassu/EVS.
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3.3.12 RMSF analysis

The stability of the complexes was verified through the RMSD analysis. However, to
comprehend the conformational changes observed during MD simulations, fluctuations in the
mean atomic quadratic deviations (RMFS) were used to express the fluctuations in the mean
structure of the protein. RMSF of the system was performed to assess the displacement and
stability of each protein residue during the 100 ns trajectory. Figure 29 illustrates the main
interactions of the leading complexes (babassu oil composition) studied, suggesting significant
conformational changes of the compound-EVS complexes during the simulation. The results
indicate that all complexes' molecular dynamics simulation trajectories showed mean
oscillations with substantial correlations with critical residues in replication (Qin et al., 2021;
Roe & Brooks, 2020). Only the complexes formed between Stearic acid, Oleic acid, and Lauric
acid with EVS presented values higher than 2.0 A for residues 53, 64, 115, 146, 163, 198, 235,
and 267. Despite the fluctuations observed, the results showed stable structures in an aqueous
solution. The conformations obtained from MD simulations for both proteins were complexed
with various ligands through docking techniques, generating meaningful information about

small molecules' binding modes in different enzyme folding states (Thirumalai et al., 2020).
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Figure 29 — Root Mean Square Fluctuation (RMSF), concerning the initial confirmation of the ligand-
enzyme complex versus the simulation time (ns) in the production simulations step of the MD with oil
composition babassu/EVS.
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3.3.12 H-bonds analysis

The number of hydrogen bonds is essential to verify whether a complex has reached
stability in a dynamic system (Mascoli et al., 2021; Ragunathan et al., 2018). After the 100 ns,
it was possible to verify the hydrogen bonds formed between EVS with their respective
simulated ligands in long stages of production in molecular dynamics (Figure 30). During the
simulation, there were changes in hydrogen binding networks, and the number of interactions
for the lipase fluctuated between 2 and 4. In the EVS with linoleic acid complex, the isolated
hydrogen bonds and the moderate average number of hydrogen bonds per period (up to 4)
suggested that hydrogen bonding networks were relatively adequate and median. It was forming
reasonable connections during its trajectory. Myristic, Caproic and Stearic acid MD were shown
to have more interactions along the course (3 links), suggesting another hydrogen binding
network, moderately more significant than the previous one.

For the simulation of Oleic, Lauric, Caprylic, Palmitic, and Capric acid with EVS, a
maximum of 2 hydrogen bonds were formed, characterizing a relatively weaker network of

interactions. The moment when these connections were very present suggests that this
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interaction maintained the stability of the complex beyond the size of the compounds and their
functionalities (Qin et al., 2021).

Therefore, complementary correlations can be observed in comparing hydrogen bonds
formed in molecular dynamics with those previously obtained by the coupling process,

indicating the convergence of a static method for a continuous system process.

Figure 30 — Hydrogen bonds formed between the protein and the ligand during the simulation steps.
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Source: the author.

3.3.13 MM/GBSA calculations

The generalized Born and surface area continuum solvation (MM/GBSA) and molecular
mechanics energies can be used to calculate the free energies of a receptor complex (Genheden
& Ryde, 2015). MolAICal is a computational tool that quickly estimates the free energy of a
system without ligand entropy based on the approach of three trajectories obtained by molecular
dynamics. The Myristic acid/EVS complex was the best result, based on its free energy, with -
27.03 kcal/mol, about the other linker under study, Oleic acid/EVS, which presented a free
energy of -24.42 kcal/mol. Soon after, the complexes formed by the Lauric acid/EVS and
linoleic acid/EVS presented almost similar values -20.82kcal/mol and -20.70kcal/mol. In the
other current simulation, the Capric acid, Caproic acid, Stearic acid, and Palmitic acid/EVS

complex gave free energy, ranging from -17 to -13 kcal/mol. These results are shown in Table
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13. The term entropy variation concerns the loss of degrees of freedom resulting from forming
one or more interactions because previously, only two molecules (ligand and protein) could
access any degree of rotational, translational, or vibrational freedom. Now, there is a complex
where the movement of molecules is much more limited (Ben-Tal et al., 2000; Wright et al.,
2014).

This estimate can then be obtained from the calculations of normal modes for the two
systems. Thus, for a macromolecular complex with a target and a ligand, the interaction energy

must be estimated according to Equations 10, 11, and 12 (Emirik, 2022; gponer et al., 1999).

AAEZ?ecr)"action = (Ecnzlynplex - E%lyget) - (E%%plex - Ell\i/lgl\;’md) + TASNORMODS (10)

DAL ion = BN e — EMM p — EMM o + EMM 4 + TASxormons (11)
AAEZ?gr)"action = ElI\i/IgAZmd - E%lyget + TASNORMODS (12)

Table 13 — Free energy estimation data of Babassu lipid oil composition against EVS.
AEele + AGSO] AEvdw

Complex (kcal/mol) (kcal/mol) AGhing (kcal/mol) Standard deviation
Capric acid/EVS 5.73 -22.97 -17.24 +/- 0.0115
Caproic acid/EVS 1.19 -18.64 -17.45 +/- 0.0079
Caprylic acid/EVS 2.97 -19.00 -16.03 +/-0.0109
Lauric acid/EVS 3.94 -24.76 -20.82 +/- 0.0107
Linoleic acid/EVS 3.76 -24.47 -20.70 +/- 0.0166
Myristic acid/EVS 3.61 -30.63 -27.03 +/- 0.0091
Oleic acid/EVS 8.45 -32.87 -24.42 +/-0.0170
Palmitic acid/EVS 5.80 -19.21 -13.41 +/- 0.0244
Stearic acid/EVS 7.46 -21.88 -14.41 +/- 0.0130

Source: the author.

3.4 Conclusion

Fe;O4 nanoparticles produced in this work by sonication synthesis managed to be
functionalized and activated with polyethyleneimine (PEI) and the epoxy bisphenol A
diglycidyl ether (DGEBA), creating a magnetic support that was capable of efficiently
immobilizing lipase enzymes. The Taguchi L9 planning identified the most favourable reaction

environment within the working conditions and levels for the Fe3Os-PEI-DGEBA support to
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heterofunctionally immobilize the Eversa® lipase Transform 2.0 (EVS), forming the Fe3Os-
PEI-DGEBA@EVS biocatalyst. The time of 15 h, ionic strength of 95 mM, protein load of 5
mg/g of the support, and temperature of 25 °C proved optimal immobilization conditions. Under
these conditions, we had immobilization yield (I.Y) 95.04%, theoretical activity (At. T) 86.84
U/g, derived activity (At. D) 29.73 U/g and recovered activity (At. R) 34.48%. The most
significant factors for immobilization were protein charge and temperature, time, and ionic
strength, which worked synergistically for punctual improvements. The maximal load capacity
of the support is 25 mg/g of protein, according to the examination of the biocatalyst's
immobilization parameters. The immobilization yield and the biocatalyst activity rapidly
decrease after that value. A storage time of 60 days showed that the biocatalyst had an activity
decay of less than 10% during this period. Compared to the free EVS, the biocatalyst was more
stable when exposed to temperature and pH changes.

The structural and magnetic characterization results corroborated the EVS
immobilization hypothesis by the Fe;O4-PEI-DGEBA support. Even with non-magnetic
materials anchored to Fe3O4, the biocatalyst Fe3;O4-PEI-DGEBA@EVS showed a
magnetization of 44.15 emu/g, allowing its reuse in enzymatic catalysis. The Fe3O4-PEI-
DGEBA@EVS biocatalyst has proven itself in its proposal for reuse in esterification cycles,
obtaining 10 esterification cycles with yields more significant than 50% and a better
esterification yield of babassu oil of 97.91%. The results obtained by NMR confirmed the
esterification of FFA, with peaks at 6 1.62, 1.73, and 2.31 ppm that are associated with
methylene hydrogens located at positions a and B -carbonyl of the ester, proving alcohol
conversion, in addition to the peak 6 3.98 ppm, where it is associated with the methylene
hydrogens directly linked to the oxygen of the ester, suggesting that there was enzymatic
esterification.

The in-silico results demonstrated stability between the EVS and the acids, emphasizing
oleic and linoleic acid, which obtained -5.8 kcal/mol and -6.0 kcal/mol, respectively. As a result,
the novel support produced an efficient biocatalyst for the enzymatic catalysis of babassu FFA,
resulting in esters that might be employed as biolubricants. Future research may involve using
the produced biocatalyst to catalyze the reactions of other acids in quest of other

biotechnological applications.
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CHAPTER 1V

4 BIOENERGY CONVERSION OF RESIDUAL TILAPIA OIL USING A NOVEL
IMMOBILIZED LIPASE: ENHANCED STABILITY, SELECTIVITY, AND
COMPUTATIONAL INSIGHTS

Abstract

The immobilization of lipase B from Candida antarctica (CALB) on an amino-epoxy
functionalized magnetic support (FesOs-PEI-DGEBA) yielded a highly efficient biocatalyst
with enhanced selectivity and stability. Structural and compositional analyses, including TEM,
SEM, XRD, FTIR, TGA, and VSM, confirmed the successful immobilization and preservation
of the magnetic core’s integrity, while characterizing the biocatalyst’s dual functionality with
residual amino and epoxy groups. The immobilized enzyme demonstrated superior catalytic
performance, achieving a 97% immobilization yield and remarkable operational stability,
retaining over 80% activity after 120 days of storage and maintaining consistent activity
through multiple reuse cycles. Computational docking and molecular dynamics studies
highlighted the role of immobilization in promoting the enzyme's selectivity for long-chain
saturated fatty acids through enhanced hydrophobic interactions with key active site residues,
such as Leul40, Alal4l, and Vall54. QM/MM simulations further revealed that the
nucleophilic attack step, with an energy barrier of 17.5 kcal/mol, remains the rate-limiting step,
consistent with the enzyme's optimized catalytic efficiency post-immobilization. The results
demonstrate that the heterofunctional immobilization significantly stabilizes CALB while
enhancing its specificity and adaptability under industrially relevant conditions. This study
provides a robust framework for the development of advanced biocatalytic systems aimed at
sustainable bioprocesses and expands the understanding of enzyme-substrate interactions under

immobilized states.

Keywords: magnetic biocatalyst; heterofunctional immobilization, selectivity enhancement,

structural stability, hydrophobic interactions.
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4.1 Introduction

The global transition to renewable energy has become a critical objective in addressing
climate change (Aljashaami et al., 2024; Uzar, 2020). Initiatives like the Paris Agreement have
united nations in the goal of limiting global temperature rise to 1.5 °C and achieving carbon
neutrality by the second half of the century (Gong et al., 2024; Singh et al., 2023; Yang et al.,
2024). Biofuels are key contributors to this effort, as they can generate up to 90% less carbon
dioxide (CO2) and significantly lower emissions of pollutants such as sulfur dioxide (SO.),
compared to fossil fuels (Joshiba et al., 2024; Pandey et al., 2023). Derived from vegetable and
animal oils through chemical and biological processes (Seibel et al., 2024), biofuels exhibit
diverse characteristics and environmental impacts, which are based on the pathway and raw
material employed in their production (Srivastava et al., 2023; Tagami-Kanada et al., 2022).

Among the many developed processes of converting oils into biofuels, enzymatic
catalysis presents a sustainable and versatile approach (Noraini et al., 2014). Operating under
mild conditions of temperature, pressure and pH, enzymatic processes are highly selective and
minimize the formation of toxic byproducts, unlike conventional chemical processes that rely
on strong acids (H2SO4) and bases (NaOH) (Cai et al., 2024; Tunio et al., 2024; Wang et al.,
2024). These attributes reduce both the environmental impact, and the costs associated with
waste treatment, positioning enzymatic catalysis as a green alternative for biofuel production
(Torres-Mayanga et al., 2019; Valle et al., 2024; Wancura et al., 2024).

The lipase B from Candida antarctica (CALB) offers several advantages in biofuel
production (Kamel & Idris, 2022; Shahedi et al., 2019). The high catalytic specificity of this
enzyme enables the efficient conversion of free fatty acids (FFA) into biofuels, with minimal
by-product formation (Mehrasbi et al., 2017; Vasquez-Garay et al., 2018). CALB is active
within a temperature range of 25 to 60 °C, under neutral or slightly alkaline conditions (Silva
et al., 2024; Li et al., 2024), and its performance can be further enhanced through
immobilization on suitable supports (Li et al., 2024; Zeng et al., 2024). The immobilization
improves enzyme stability, allows for reuse, and simplifies downstream processing, thereby
increasing the economic feasibility and sustainability of the process (Melo et al., 2023).

Magnetic supports, particularly Fe3Os (magnetite) nanoparticles, are promising
materials for enzyme immobilization (Menezes et al., 2024; Wang et al., 2015). These
nanoparticles offer a high surface area, strong magnetization properties and tunable surface
chemistry (Niu et al., 2024; Yang et al., 2024). They exhibit a saturation magnetization between

60 and 100 emu/g, which is strongly dependent on their size (Damasceno et al., 2020; Touqeer
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et al., 2020). When synthesized below 20 nm, they tend to exhibit superparamagnetism, where
they do not retain magnetization in the absence of an external magnetic field (Santos et al.,
2024; Rani & Varma, 2015; Wan et al., 2022). However, as the particle size increases, they
transition to a ferromagnetic state, exhibiting positive coercivity (Hc) (Saragoglu et al., 2023).
The heterofunctional activation of magnetic nanoparticles can further enhance immobilization
stability, shielding the enzyme from fluctuations in temperature and pH (Aghaei et al., 2021;
Bezerra et al., 2020). For instance, the activation of magnetite with polymeric and epoxy
compounds enhances their surface with a higher density of positive charges, facilitating
electrostatic interactions between the support and the enzyme (Melo et al., 2024). Additionally,
the epoxy groups allow the formation of covalent bonds, increasing the biocatalysts stability
under varying conditions (Melo et al., 2023; Liu et al., 2024). These features make
functionalized magnetic supports ideal for applications in biofuel production through enzymatic
catalysis (Mekuriaw & Abera, 2024; Monteiro et al., 2024).

The utilization of animal-derived raw materials, such as fishery by-products, in biofuel
production provides an additional environmental benefit by addressing waste disposal
challenges (Laos et al., 2002; Mota et al., 2019). The tilapia oil (from Oreochromis niloticus)
is particularly promising due to its high yield (15-40 % of residue weight) and cost-
effectiveness. (Afedzi et al., 2023; El-Dakar et al., 2023; Magbanua & Ragaza, 2024). Tilapia
oil has demonstrated potential for producing bio-oil and biodiesel, with significant reductions
in pollutant emissions (up to 44% in diesel engines) (Lin & Huang, 2012). Despite its economic
and environmental importance, effective methods for valorizing fishery waste are
underexplored in the literature.

This study evaluates biofuel production from tilapia oil using an enzymatic pathway.
The lipase B from Candida antarctica was immobilized on Fe3O4 nanoparticles functionalized
with polyethyleneimine (PEI) and epoxy groups, creating a stable and efficient biocatalyst for
the esterification of tilapia oil derived free fatty acids (FFA). The structural, magnetic, and
catalytic properties of the support were characterized through Scanning Electron Microscopy
(SEM), X-ray Fluorescence (XRF), Transmission Electron Microscopy (TEM), X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric
Analysis (TGA) and Vibrating Sample Magnetometry (VSM). The biocatalyst performance
was evaluated through stability tests (temperature, pH and storage), esterification efficiency,
and cycles of reuse. Finally Molecular Docking, Molecular Dynamics (MD), and Quantum
Mechanics/Molecular Mechanics (QM/MM) simulations provides mechanistic insights into

CALSB interactions with tilapia oil, complementing experimental observations.
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4.2 Materials and Methods

4.2.1. Materials

Ferric chloride hexahydrate (FeCl:;:6H.O) and ferrous sulfate heptahydrate
(FeSO4-7H20) were purchased from Vetec Quimica Ltda (Sao Paulo, Brazil).
Polyethyleneimine (PEI) (10,000 MW) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Diglycidyl ether of bisphenol A (DGEBA) was acquired from Polipox Ltda (Sao Paulo,
Brazil). Soluble Lipase B from Candida antarctica (CALB) (10.9 mg protein/mL) was
purchased from Codexis (Redwood, USA). The commercial TLL extract (25 mg protein per
mL) was obtained from Novozymes (Spain). Tilapia oil (Oreochromis niloticus) was acquired
from the Department of Chemical Engineering at the Federal University of Ceara (Fortaleza,

Brazil). Other chemical reagents were supplied by Synth (Sdo Paulo, Brazil).

4.2.2. Synthesis of the magnetic support Fe;0.~PEI-DGEBA

The synthesis of the magnetic support was carried out following the methodology from
Melo et al. (2023). The synthesis of FesO4 was carried out using an ultrasonic probe with a
frequency of 20 kHz, 550 W, and a microtip of 3.2 mm in diameter. Sonication was performed
at 200 W in pulsed mode, with 3 seconds on and 1 second off. A total of 1.16 g (4 mmol) of
FeSO4:7H20 and 1.85 g (7 mmol) of FeCls-6H-0 were dissolved in 15 mL of deionized water.
The mixture was sonicated for 8§ minutes under the described pulsing regime. Then, 7.0 mL of
NH4«OH was slowly added, causing a color change from orange to black, indicating the
formation of nanoparticles. After formation of the FesOs nanoparticles, 1.0 g of PEI was
dissolved in 5 mL of deionized water and slowly added to the mixture, which was then sonicated
for an additional 4 minutes. The FesOs-PEI was then washed with acetone and separated using
a magnet until the solution reached neutral pH (Neto et al., 2017). For activation with epoxy
groups, diglycidyl ether of bisphenol A (DGEBA) was used. The FesOs-PEI nanoparticles were
dried, ground, and mixed mechanically at a rotation speed of 1500 rpm for 2 hours in the
presence of DGEBA, with a relative centrifugal force (RCF) of 617 m/s?, using a ratio of 1 g
Fe;04-PEI to 12 g DGEBA. The system was then sonicated in 10 mL of ethanol for 4 minutes,
washed with acetone, and precipitated with the aid of a magnet, resulting in the FesO4-PEI-

DGEBA support.
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4.2.3. Immobilization of CALB on Fe;0+PEI-DGEBA

The immobilization parameters for CALB on the Fe;Os-PEI-DGEBA support were
determined based on the optimal point identified by Melo et al. (2024) in previous studies,
where the lipase Eversa® Transform 2.0 was immobilized on the same support used in this
article. 100 mg of FesO4-PEI-DGEBA was suspended in 1 mL of 95 mM sodium phosphate
buffer at pH 7.0 containing CALB, at a ratio of 5 mg of protein per g of support. The system
was kept under constant stirring for 12 hours at 25 °C (Santos et al., 2015). Subsequently, the
solution was washed with 5 mM sodium phosphate at pH 7.0 and centrifuged to determine the
initial immobilization yield (IY) of the supernatant. Then, the solution was incubated for 16
hours at 25 °C in 10 mL of 5 mM sodium bicarbonate pH 10. Subsequently, the mixture was
treated with 10 mL of 3 M glycine at pH 8.5 and maintained at 25 °C for 24 hours, to cap the
epoxy groups that did not participate in the immobilization of CALB (Niu et al., 2024). Finally,
the biocatalyst FesOs-PEI-DGEBA@CALB was washed with 5 mM sodium phosphate buffer
at pH 7.0, and isolated with a magnet.

To evaluate the loading capacity of CALB, 100 mg of FesOs-PEI-DGEBA were
suspended in 1.0 mL of a sodium phosphate buffer solution (95 mM, pH 7), containing CALB
with an enzyme loading varying from 1:1 to 1:50 mg/g of support. The system was kept under
constant stirring for 15 hours at a temperature of 25 °C (Cavalcante et al., 2022).

The lipase immobilization parameters were determined by following the methodologies
established by previous studies (Cavalcante et al., 2022). The key parameters assessed include
Immobilization Yield (I.Y.), Theoretical Activity (At. T), Recovered Activity (At. R), and
Derivative Activity (At. D).

LY. represents the percentage of enzymatic activity retained after immobilization,
calculated as the difference between initial and final enzyme activity. At. T is the expected
activity of lipase post-immobilization, based on the enzyme amount and I.Y. At. R compares
the actual activity of At. D with At. T, while At. D is the measured activity of the immobilized
lipase under specific test conditions. Below are the equations for calculating each parameter

(Eq. 13 to Eq. 16).

LY. = (£25) 100% (13)

At;

AT = At,p, (LY.) (14)
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AtD
AR = (32) (15)
_ A
AtD=—f (16)

LY. and At. D are expressed as percentages (%), while At. T and At. R are measured in
U/g. Ati and Atf refer to the initial and final activities, respectively. Atenz indicates the amount
of enzyme provided per gram of support. AA represents the change in absorbance measured by
a spectrophotometer over the time interval At. Additionally, f'is a conversion factor that relates

the observed change in absorbance to enzymatic activity.

4.2.4. Determination of enzymatic activity and protein concentration

The activity of CALB, in its soluble and immobilized forms, was analyzed through the
hydrolysis of p-NPB (Rios et al., 2016). The quantification of the released p-nitrophenol was
performed using spectrophotometry at 348 nm. Activity measurements were conducted in a
sodium phosphate buffer (25 mM, pH 7.0) under constant stirring at 25 °C for 90 seconds,
monitoring the release of p-nitrophenol from the hydrolysis of 50 mM p-NPB. To initiate the
reaction process, 50 puL of the CALB suspension was combined with 50 pL of p-NPB and 2.5
mL of the buffer solution. One international unit of activity (U) was defined as the amount of
enzyme capable of hydrolyzing 1 pmol of p-NPB per minute under the established conditions.
The protein concentration was determined using the Bradford method (Miguel Junior et al.,

2022).

4.2.5. Stability of the catalyst

The effect of the pH in the activity of the catalyst was assessed as follows: the
immobilized and free CALB were resuspended in 1.0 mL of 95 mM buffer solution, with
varying pH (4-9). Acetate buffers (pH 3.6-5.6), sodium phosphate buffer (pH 5.8-8.0), and
sodium carbonate buffer (pH 8.9-10.8) were employed, and p-NPB was used as a substrate. The
enzyme was incubated in each buffer for approximately 15 minutes, after which the activity
was measured (Pinheiro et al., 2019).

The effect of temperature was assessed as follows: the immobilized and free CALB

were incubated in phosphate buffer (95 mM, pH 7) at 25, 30, 40, 50, 60, 70, and 80 °C for 10



114

minutes. After heating, the samples were cooled in an ice bath (approximately 10 min) and then
reheated to room temperature (25 °C) in a water bath (approximately 5 min) before analysis.
Activity was measured using p-NPB, and the residual activity was expressed as a percentage of
the initial activity (Bezerra et al., 2020).

The storage activity of the biocatalyst was evaluated by monitoring the hydrolytic
activity towards p-NPB. After immobilization, the biocatalysts were washed, vacuum-dried,
and stored at 4 °C. The activity of the biocatalysts was assessed at regular intervals from 0 to

120 days (Bezerra et al., 2020).

4.2.6. Material characterization

Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), and
X-ray Fluorescence Spectroscopy (XRF) analyses were performed to investigate the
morphology and chemical composition of the samples. The TEM analysis was conducted using
a JOEL JEM 1011 microscope operating at 120 kV, equipped with a CCD camera. The
distribution curves were analyzed using ImageJ. SEM was performed with a QUANTA 450
FEG microscope and a Quorum QT150ES metallizer, utilizing a 20 kV electron beam. XRF
analysis was conducted using a SHIMADZU EDX-7000 system equipped with a rhodium tube,
applying a power of 4 kV to the powdered samples.

X-ray Diffraction (XRD) was employed to assess the crystallinity and the size of the
nanoparticles, allowing for comparison with the TEM results. The analyses were conducted
using a PANalytical X'Pert MPD powder X-ray diffractometer, with a scanning range of 26
from 20° to 80°. A CuKo: tube (1.54059 A) was utilized, operating at 40 kV and 30 mA, with a
scanning range between 20° and 100°. The refinement of the analyses was performed using the
Maud software.

The Fourier-Transform Infrared Spectroscopy (FTIR) technique was employed to
identify organic molecules present on the surface of the nanoparticles. The analyses were
conducted using a PerkinElmer 2000 spectrophotometer, utilizing KBr disks, with the spectra
captured under vacuum on a Vertex 70v instrument. Thermogravimetric analysis (TGA) was
performed using a Q50 instrument from TA Instruments in a nitrogen atmosphere with a flow
rate of 50 cm?*/min. Magnetic curves were determined using a Vibrating Sample Magnetometer
(VSM) at 300 K. To ensure the accuracy of the measured magnetic moment values, the

equipment was previously calibrated with a standard reference material. For all measurements,
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the recorded magnetic moments for each applied field were normalized by the mass of the

nanoparticles.

4.2.7. Production of biodiesel

Free fatty acids were extracted from tilapia oil through an enzymatic hydrolysis process
using lipase derived from Thermomyces lanuginosus (TLL). This soluble lipase exhibits a
specific activity greater than 100,000 U/g and is widely employed in the breakdown of
triglycerides due to its thermostability (up to 60-70°C), effectiveness in organic solvents, and
high specificity for triglycerides. It is extensively utilized in various hydrolytic reactions
(Alexandre et al., 2022; Moreira et al., 2020; Petro et al., 2023; Rocha et al., 2021). A mixture
of oil and water in a 1:1 ratio was heated to 40 °C, at which point TLL was added at a
concentration of 0.4%. The reaction was maintained at 40 °C with continuous stirring for a
period of 4 hours. The solution was then placed in a separation funnel, and 100 mL of distilled
water at 60 °C was added to promote the separation of the free fatty acids (FFAs), followed by
three washings. Next, the mixture was transferred to a beaker and heated to 80 °C for 10
minutes. After this period, the mixture was poured into a funnel containing filter paper and a
preheated 20% (m-V™") anhydrous sodium solution.

The Fe;04-PEI-DGEBA biocatalysts were used for the synthesis of the biofuel. The free
fatty acids (FFAs) were esterified using ethyl alcohol in a 1:5 ratio (acid:alcohol), with 9% of
the biocatalyst, at a temperature of 25 °C and with constant stirring for 5 hours. Aliquots of 0.2
g were taken from the reaction system, diluted in 20 mL of ethanol, and three drops of
phenolphthalein were added, followed by titration with a 40 mM sodium hydroxide solution to
measure the acidity index and determine the biocatalyst's reaction cycles. The acidity index

(AI) was calculated according to Eq. (17).

O a
Al (%) = MMy qon-Shchyqon- f- (VN%) (17

MMy ,on represents the molar mass of NaOH. Shchy,oy indicates the molarity of the
solution, while f is the correction factor obtained through the standardization of NaOH. Vy,on
corresponds to the volume of NaOH consumed in the titration, and m is the mass of the sample
under analysis. The conversion of FFAs to esters was determined using Eq. (18), considering

the initial acidity index Al, and the index at the final time Al,.
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Alg—AlL

Conversion FFA(%) = ( o

) 100 (18)

Operational stability was assessed through consecutive reactions to produce the esters.
Before each new cycle, the biocatalyst was separated from the reaction medium using

magnetization and washed three times with hexane to remove any residual substrates.

4.2.8. Fourier Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance
spectroscopy (NMR) of the biodiesel

FTIR was performed on the samples to identify specific functional groups, such as
carbonyl (1740 cm™, C=0) and hydroxyl (3000-3500 cm™, O-H), which can be used to track
the chemical reaction (Ong et al., 2020; So & Eberhardt, 2018). Additionally, the samples were
compared with the FTIR of a commercial biodiesel obtained through a chemical route. The
equipment used was the Cary 630 with a diamond ATR from Agilent. NMR was also conducted
to confirm the esterification of the free fatty acids (Ben-Youssef et al., 2021). 1D and 2D
spectra, including 'H and "*C, were obtained using a Bruker Avance DRX-500 spectrometer
with CDCls as the solvent. Chemical shifts were measured in parts per million (ppm), and in
the '"H NMR spectra, the reference peak was the hydrogen of the non-deuterated fraction of
CDCIs (8H 7.27). The multiplicities of the hydrogen signals in the "H NMR spectrum were
indicated according to the convention: s (singlet), d (doublet), t (triplet), and m (multiplet).

4.2.9. Viscosity and density of the biodiesel

To verify compatibility and performance with engines and injection systems, the
kinematic viscosity (v) and density (p) of the biodiesel were measured. The measurements were
performed using the Anton Paar SVM 3000 U-tube viscometer, previously calibrated with
Cannon mineral oil for the temperature range of 273.15 to 393.15 K. The properties were
evaluated at atmospheric pressure and at temperatures of 293.15, 313.15, and 373.15 K. The
sample was introduced into the SVM 3000 equipment using a 5 mL syringe, ensuring the
absence of air bubbles. The temperature control system of the apparatus has an uncertainty of

w(T)=0.01 K.
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4.2.10. Molecular docking and molecular dynamics (MD) simulations

The computational model of CALB was created from its x-ray structure (PDB
identification code: 1TCA) (Uppenberg et al., 1994). The geometry of the fatty acid substrates
were optimized at the B3LYP/6-311G+(d,p) level of the DFT without any geometric constraints
using the Gaussian software package (Pudzianowski, 1995). Their charges and electrostatic
potentials (ESP) were computed at the HF/-311G+(d,p) level of theory, and their force field
parameters were developed using the antechamber software from the AmberTools package
(Salomon-Ferrer et al., 2013). The enzyme-substrate complexes were built through molecular
docking using the AutoDock software (Trott & Olson, 2010). In the rigid docking protocol
utilized, the structure of the enzyme was kept fixed, but the substrate was allowed to adopt any
conformations. This procedure provided 20 poses, which were ranked based on their energies
(Eberhardt et al., 2021). The 3 poses with the lowest energies for each substrate were selected
for all-atom MD simulations.

The classical MD simulations were performed using the PMEMD module of the Amber
software package (Salomon-Ferrer et al., 2013). The enzyme-substrate complex was then
placed in a cubic box of 100 x 100 x 100 A dimensions. The minimal distance from the edge
of the box to the surface of the protein complex was not shorter than 10 A. The AMBER ff14SB
force field was employed for the protein and the TIP3P water model was used as the solvent.
The total charge of the system was neutralized with Na* and CI ions. After minimization, the
system was heated up to 300 K over 10 ns at constant volume (NVT), while imposing positional
restraints of 100 kcal/mol. A% on the heavy atoms. Subsequently, restraints were slowly
removed, and a production MD run of 200 ns was performed in the isothermal-isobaric
ensemble (NPT). The temperature control (300 K) was performed by a Langevin thermostat
with a collision frequency of 1/ps, and the pressure control (1 atm) was accomplished by a
Monte Carlo barostat (Harger & Ren, 2019). The SHAKE algorithm was used to constrain the
bonds involving hydrogen atoms, and the particle mesh Ewald method was used to compute the
electrostatic interactions. A 10 A short range non-bonded interaction cutoff distance and a 1fs

time step were used for the simulations.

4.2.11. Hybrid molecular mechanics and quantum mechanics (QM/MM) simulations

The hybrid two-layer QM/MM (ONIOM) calculations were performed by using the
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Gaussian software package. This method utilizes a subtractive method in which the MM energy
[EMM(High)] of the QM (high layer) part is subtracted from the sum of the QM energy of the
high layer [EQM(High)] and the MM energy of the whole system [EMM(Total)]. This
subtraction method corrects the artifacts introduced by using link atoms. The ONIOM
optimization procedure uses macro/micro interactions, and the electrostatic interactions
between the QM and the MM part were treated by mechanical embedding. The QM region
(model) was defined as the catalytic triad (Serl05, His224 and Aspl87), the second
coordination shell residue Thr40, and the substrates. The remaining atoms of the system were
treated in the classic MM region. The QM region was optimized without any geometric
constraint by using the hybrid B3LYP exchange correlation DFT functional (Yanai et al., 2004).
The 6-31G(d,p) basis set was used to implement the computations, and the Grimme’s function
with the Becke-Johnsons damping effect (GD3BJ) was used to take into account the dispersive
effects (Grimme et al., 2011). Hessians were calculated at the same level of theory as those of
the optimizations to confirm the nature of the stationary points along the reaction coordinate.
The transition states were confirmed to have only one imaginary frequency corresponding to
the reaction coordinates. Single point calculations were performed using the larger 6-
311+G(d,p) basis set with the M06-2X and mPW1PW91 functionals (Park et al., 2014). In these
calculations, the electrostatic interactions between the QM and the MM parts were treated by
electronic embedding. Zero-point vibrational, thermal and entropy corrections were added to
the final energies (at 298.15 K and 1 atm). The MM region was modeled using the AMBER

force field as implemented in Gaussian software.

4.3 Results and discussion

4.3.1. Synthesis and functionalization of the support

This study utilized the sonication technique for synthesizing Fe3;O4 nanoparticles
(magnetite), a method that enhances chemical reactions by generating microbubbles. The
collapse of these bubbles release significant energy, creating extreme conditions of localized
temperatures exceeding 5000 K and pressures up to 1000 atm (Neto et al., 2021). These extreme
conditions facilitate the crystalline organization of nanoparticles, reduce impurities and
agglomeration, and increase the specific surface area, yielding highly functional magnetite
particles (Zheng et al., 2020). Following synthesis, the magnetite was successfully activated

with polyethyleneimine (PEI), also using the sonication process.
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Polyethyleneimine is rich in amino groups, which can be protonated in solution to
impart a positive charge. On the other hand, the hydroxyl groups (-OH) present on the surface
of Fe3O4 can generate negative charges under specific pH conditions (Cao et al., 2020). This
electrostatic attraction between PEI and magnetite is intensified by the high-energy conditions
generated during sonication (Verma & Moholkar, 2023). The energy from this process enhances
the reactivity of functional groups on both PEI and Fe3Oa, promoting the formation of stable
covalent bonds between the amino groups of PEI and the -OH groups on the magnetite surface
(Ning et al., 2024; Wang et al., 2022). This protocol results in a more stable and durable bond
between the polymer and the nanoparticle (Ping et al., 2019).

Sonication also plays a critical role in dispersing Fe3Os nanoparticles, ensuring
homogenous PEI distribution across their surface (Echeverria et al., 2021; Taghizadeh et al.,
2023). The rapid dissipation of energy prevents particle agglomeration, facilitating the
formation of a uniform PEI coating. Neto et al. (2017) reported similar outcomes,
functionalizing Fe;O4 with PEI via sonochemistry. Their study demonstrated a single inverse
spinel phase with nanoparticles averaging 9-11 nm in diameter, confirmed by XRD and TEM.
Mossbauer spectroscopy and magnetic measurements revealed superparamagnetic behavior
and high saturation magnetization (59-77 emu/g), aligning with the properties desired for
immobilization platforms.

Nevertheless, the main goal of this study is to immobilize the lipase B from Candida
antarctica (CALB) through diverse anchoring strategies to preserve its active conformation and
enhance catalytic activity. To this end, a heterofunctional support was developed, building on
our group’s prior success with immobilizing the lipase from Thermomyces lanuginosus (TLL)
(R. L. F. Melo, Freire, et al., 2024). The heterofunctional support was achieved by activating
Fe304-PEI with bisphenol A diglycidyl ether (DGEBA), a compound that binds to amino groups
on the support surface through epoxy ring opening or multipoint interactions (Babaki, Yousefi,
2015; Gandomkar et al., 2015). The resulting Fe3O4-PEI-DGEBA support offers dual
functionality, leveraging residual amine groups and active epoxy groups for enzyme
immobilization (Mateo et al., 2007). This innovative support system demonstrated its efficacy
with CALB immobilization, resulting in a biocatalyst with superior activity compared to the

free enzyme.

4.3.2. Enzymatic immobilization and stability of the biocatalyst

To evaluate the efficiency of lipase immobilization on the Fe;04-PEI-DGEBA support,
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key parameters such as immobilization yield (IY), theoretical activity (TA), recovered activity
(RA), and derived activity (DA) were analyzed. These metrics provide critical insights into the
immobilization process, with I'Y representing the percentage of enzymatic activity retained post
immobilization. The parameter TA estimates the expected enzyme activity based on the IY,
while RA and DA assess the actual performance and effectiveness of the immobilized enzyme
under experimental conditions (Cavalcante et al., 2022; Sousa et al., 2024). Figure 31 shows
the effects of the immobilization parameters and operational conditions on the catalytic

performance of free and immobilized CALB.

Figure 31 — Evaluation of immobilization parameters for CALB using the Fe;O4-PEI-DGEBA support.
a) Maximum enzyme loading capacity, evaluated by varying the enzyme concentration from 1-50 mg
per gram of support; b) Thermal stability assessed at different temperatures (25—80 °C); ¢) pH activity
of soluble and immobilized CALB, tested across a pH range of 4-9 under optimal conditions; d) Storage
stability of immobilized CALB.
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The analysis of CALB loading on the Fe3;04-PEI-DGEBA support (Figure 31 - a)) shows
the support’s capacity to immobilize up to 20 mg/g of enzyme without significant loss in

activity. At lower concentrations (1-15 mg/g), immobilization yields remained high, reaching
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up to 97%. However, at higher enzyme concentrations (20-50 mg/g), IY decreased sharply,
indicating surface saturation and potential multilayer formation. This clustering likely reduces
accessibility to the enzyme’s active site, emphasizing the importance of optimizing enzyme-to-
support rations to maximize catalytic efficiency (Pinheiro et al., 2019). The heterofunctional
nature of the support played a key role in enhancing enzyme immobilization capacity, providing
multiple interaction sites through both adsorption and covalent bonding (Bezerra et al., 2020;
Almeida et al., 2024).

Thermal stability tests (Figure 31 - b)) revealed the susceptibility of CALB to thermal
denaturation above 60 °C, in line with previous studies that indicate that CALB has an optimal
temperature range between 35 °C and 50 °C (Ren et al., 2024). While free CALB showed
significant activity loss at elevated temperatures, immobilized CALB demonstrated remarkable
resistance, maintaining over 60% relative activity at 60 °C. The multipoint anchoring provided
by the heterofunctional support likely minimized structural disruptions caused by thermal
stress, preserving the enzyme’s catalytic efficiency (Cruz-Martinez et al., 2024; Santos et al.,
2015; Silva et al., 2023).

The impact of pH variations on CALB activity and stability was analyzed across a range
of pH (4-9), as shown in Figure 31 - ¢). The results confirm that CALB exhibits maximum
activity at neutral to slightly alkaline conditions (pH 7-8). Under extreme pH conditions,
activity decreased, likely due to alterations in the ionization state of residues critical for
substrate binding and catalysis (Song & Chang, 2022). Notably, immobilized CALB retained
higher activity across the tested pH range compared to its free counterpart. The immobilization
process likely provided structural stability, mitigating conformational changes under
unfavorable conditions (Guajardo et al., 2015; Mittersteiner et al., 2017; Salman Sajid et al.,
2020; Wang et al., 2022).

The storage stability of Fe;04-PEI-DGEBA@CALB was evaluated over 120 days at 4
°C, as shown in Figure 31 - d). Free CALB exhibited a significant decline in activity due to
leaching and denaturation, whereas immobilized CALB maintained over 80% of its initial
activity. The stability provided by the immobilization matrix likely prevented structural
degradation, ensuring long-term enzyme functionality (Santos et al., 2015; Thudi et al., 2012).

Across all assessments, CALB immobilized on Fe;O4-PEI-DGEBA magnetic support
consistently outperformed its free form in terms of stability, activity, and resistance to
environmental stresses. The magnetic nature of the support also offers practical advantages,
such as facile recovery and reuse of the biocatalyst, enhancing the economic feasibility of the

processes. These characteristics make this immobilization strategy highly promising for
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industrial applications.

4.3.3. Characterization of the heterofunctional biocatalyst

The TEM analysis (Figure 32 - a) and b)) confirms the spherical morphology of Fe3O4
nanoparticles, characteristics of sonochemical synthesis methods. Embedded size distribution
curves reveal a small increase in particle size from 12.48 + 1.62 nm for Fe3O4 to 13.40 + 2.50
nm for Fe3Os-PEI-DGEBA@CALB. This increase, statistically insignificant, suggests
successful coating of the magnetic core without altering its morphology. Aggregation observed
in the biocatalysts reflects typical nanoparticle clustering due to enzyme immobilization. Melo
et al. (Melo et al., 2024) used this support for the immobilization of TLL. The study also
demonstrated that after activation with PEI and DGEBA, the magnetic core did not undergo
significant morphological changes.

The SEM images (Figure 32 - ¢) and d)) display a laminar morphology for both Fe3O4
and Fe;04-PEI-DGEBA@CALB. The biocatalyst shows rougher surfaces compared to the
core, indicating successful immobilization of CALB. Complementary XRF mapping confirms
enrichment with elements such as Cl and P, consistent with PEI-DGEBA coating and CALB
adherence. These results demonstrate that CALB immobilization modified the surface

properties while preserving the core structural integrity.
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Figure 32 — TEM micrographs, particle size distribution curves, and SEM/XRF analyses of the
materials. a) TEM image of Fe;O4 with its particle size distribution curve (inset), showing a spherical
morphology; b) TEM image of Fe3O4-PEI-DGEBA@CALB with its size distribution curve (inset),
showing a slightly more aggregated appearance due to the immobilization process; ¢) SEM image of
Fe304, revealing a laminar surface morphology, and its corresponding XRF map (inset); d) SEM image
of Fe;04-PEI-DGEBA@CALB, showing increased surface roughness, indicative of compositional
alterations.
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The XRD patterns, shown in Figure 33 - a), reveal peaks characteristic of the inverse
spinel structure of magnetite, corresponding to crystallographic planes of Fe3Os. For magnetite,
the most prominent peaks include one at approximately 30° (26), corresponding to the (220)
crystal plane. This peak is among the most intense and is characteristic of the magnetite
structure. Another notable peak appears at around 35° (20), associated with the (311) plane,
indicating the presence of additional crystal planes. Additionally, a peak at approximately 45°
(20) corresponds to the (400) plane, while a peak near 60° (20) is related to the (511) plane.
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The persistence of these peaks in Fe3sO4-PEI-DGEBA@CALB confirms that structural
integrity is retained post-functionalization and immobilization. Crystallite sizes calculated via
the Scherrer equation: 13.66+1.11 nm for Fe3Os4 to 14.11+0.89 nm for Fes3O4-PEI-
DGEBA@CALRB, align closely with TEM data). It is important to note that when Fe;Oy4 is
reduced to particle sizes smaller than 20 nm, its oxidation rate tends to increase, with the
possible formation of the maghemite (y-Fe2Os3) phase (Nnadozie & Ajibade, 2022; Ouda et al.,
2020). Functionalization with PEI appears to reduce oxidation rates, as evidenced by preserved
magnetite crystallinity and high magnetization values (W. Jiang et al., 2024; Y. Tang et al.,
2024).

The FTIR spectra, shown in Figure 33 - b), highlight distinctive features of both Fe;O4
and Fe3;04-PEI-DGEBA@CALB. Stretching vibrations of Fe-O bonds (500-600 ¢cm™') remain
detectable but decrease in intensity for the biocatalyst, indicating surface coverage by PEI-
DGEBA (Yang et al., 2010; Zhang et al., 2019). Additional absorption bands at 1600-1650 cm”
! associated with N-H (PEI) and C=0O or C-O-C (DGEBA) further confirm successful
functionalization (Ng et al., 2024; Singh et al., 2023). The observed changes suggest that the
immobilization involves multiple interactions, including electrostatic, hydrogen bonding, and
covalent mechanisms, enhancing enzyme stability and activity (Sharma et al., 2022; Tardioli et
al., 2011).

The magnetic properties evaluated using VSM (Figure 33 - c)), show a reduction in
saturation magnetization (Ms) from 70.8 emu/g for Fe;O4 to 52.3 emu/g for Fe3Os-PEI-
DGEBA@CALB. This reduction is attributed to the addition of non-magnetic organic layers
during functionalization and immobilization. Other authors have observed similar decrease
after adding activators to magnetite. Kumar et al. (Kumar et al., 2025) synthesized Fe3O4 and
coated it with PEI and silver using ultrasound techniques. The authors obtained a magnetization
of approximately 72.5 emu/g for Fe3Os, 62.1 emu/g for Fe;O4@PEI and 32.3 emu/g for
Fes04@PEI@Ag (Liu et al., 2011; Suo et al., 2018). Despite this decrease, the biocatalyst
retains sufficient magnetization for efficient recovery and reuse, making it suitable for industrial
applications.

Thermal stability analysis through TGA and DTGA, shown in Figure 33 - d), reveals
distinct decomposition profiles for Fe3Os and Fe3;04-PEI-DGEBA@CALB. Fe3O4 shows an
8% mass loss around 70 °C due to adsorbed water, stabilizing at approximately 15% by 450
°C. In contrast, the biocatalyst exhibits greater mass losses, 12% initially, followed by a sharp
25% loss around 450 °C, culminating in 34% by 700 °C. These losses are associated with the

amine groups, epoxy groups, and organic content of CALB presents in Fe3O4-PEI-
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DGEBA@CALB (Mateo et al., 2000b; Uzun et al., 2013).

Figure 33 — Structural characterization of the material. a) X-Ray Diffraction (XRD); b) Fourier
Transform Infrared Spectroscopy (FTIR); c¢) Vibrating Sample Magnetometer (VSM); d)
Thermogravimetric Analysis (TGA, solid lines), and Derivative Thermogravimetry (DTG, dash lines).
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The reuse cycles of the FesO+-PEI-DGEBA@CALB biocatalyst in the esterification of
FFAs derived from tilapia oil demonstrated high stability, with an initial yield of 98.8%,
remaining above 95% for the first three cycles. By the fifth cycle, the yield dropped to 85.2%,
stabilizing above 65% after ten cycles. The decline in activity is primarily attributed to enzyme
leaching and incomplete recovery during magnetic separation (Figure 34). These results align
with previous studies (Melo et al., 2024), who achieved an initial yield of 97.91% and

maintained over 50% after ten cycles using a similar support and TLL.
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Figure 34 — Operational stability of Fe;O4-PEI-DGEBA@CALB. Reaction conditions: 9% biocatalyst,
free fatty acids from tilapia oil, and ethanol in a 1:5 molar ratio. Reactions were performed at 25°C and
200 rpm for 5 hours.
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Comparing the biocatalyst of this study with Novozym 435 (N435), a commercial
biocatalyst widely used in academia and industry, which consists of CALB immobilized on a
macroporous support of poly(methyl methacrylate) cross-linked with divinylbenzene, we
observe that N435 exhibits superior stability over reuse cycles (Santos et al., 2019). In previus
studies, N435 achieved an initial yield of 97.68% to 98.29% in three parallel tests (Zhao et al.,
2023). After six cycles, the yield remained at 90%, and even after 16 cycles, it still reached
75%. The decline in N435 activity is primarily associated with the breakdown of enzyme
particles, which hinders the complete recovery of the enzyme after repeated cycles. This

physical degradation is the main cause of the reduction in yield over prolonged cycles.

4.3.4. Characterization of the biodiesel

The FTIR spectra of biofuel produced using the Fe3;O4-PEI-DGEBA@CALB
biocatalyst and tilapia oil, compared to commercial biodiesel, reveal key similarities in ester
functional groups, as shown in Figure 35. Both biofuels exhibit an intense absorption band
around 1740 cm™!, characteristic of the C=0 stretching vibrations of esters (Arokiaraj et al.,
2022; Kanthasamy, 2021), confirming successful esterification. Additional bands at 1465 cm™
(C-H bending in methylene), 1375 cm™ (methyl bending), and 1240-1170 cm™ (C-O
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stretching) support the formation of ester bonds. Minor variations in band intensities, such as
at 1740 cm™, suggest differences in fatty acid composition or purity between the biofuels.
Previous studies used crude oil from tilapia heads to produce biodiesel through a chemical
transesterification reaction using potassium hydroxide (KOH) and ethanol (Moraes et al.,
2020). The FTIR spectrum presented by the author was similar to that in this research, showing
the same important bands (1740 cm™" and 1240-1170 cm™). These findings align with previous
studies on biodiesel from tilapia oil, confirming that biocatalysis does not significantly alter the
chemical structure of esters compared to chemically produced biodiesel. Note that while we did
not conduct FFA purity tests on the tilapia oil, the esterification process yielded a product

similar to commercial biodiesel.

Figure 35 — FTIR characterization of the biofuel produced from the biocatalysts Fe;O4-PEI-
DGEBA@CALB and Tilapia oil (red) and commercial biofuel (black).
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The 'H NMR spectrum (500 MHz, CDCls) further validates the esterification process
(Figure 36). A key peak at 4.10 ppm corresponds to methylene hydrogens adjacent to the ester

oxygen (O-CH:), indicative of ester formation (Valle et al., 2018). The peak at 2.28 ppm,

attributed to alpha protons near the carbonyl group (C=0), also confirms the ester structure.
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Peaks at 5.33 ppm and 2.00 ppm reflect unsaturated fatty acid residues, demonstrating that the
biocatalytic process preserved the fatty acid structure while converting carboxylic acids into

esters.

Figure 36 — NMR characterization of the biofuel (500 MHz, in CDCls).
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The produced biodiesel exhibited a kinematic viscosity of 38 mm?/s (cSt) at 40 °C and
a density of 0.90 g/cm?® at 20 °C. While the density aligns with ASTM D6751 and ANP
Resolution No. 798 of 2019 (Brazilian resolution) standards, the viscosity exceeds the
acceptable range for conventional biodiesel. According to the same resolution, the kinematic
viscosity of biodiesel should be between 1.9 and 6.0 mm?/s at 40 °C. The higher viscosity may
stem from the significant presence of saturated fatty acids and long-chain fatty acids like oleic
acid in tilapia oil, which produce heavier esters (Valle et al., 2018; Mota et al., 2019). In
addition, the presence of long-chain fatty acids, such as oleic acid, may also contribute to the
increased viscosity of the biodiesel (Skowron et al., 2015; Taherinia et al., 2024).

Although the produced biodiesel does not meet the ASTM and ANP requirements for
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use in conventional combustion engines, it can be blended with biodiesel of lower viscosity and
density (such as soybean oil biodiesel) to adjust its properties, a practice that is already applied
in other biodiesel optimization processes (He et al., 2024; Sun et al., 2024). Another point is
that in industrial or agricultural applications where the fuel is used in stationary engines with
lower performance requirements, high-viscosity biodiesel may be viable (Alosius et al., 2022;

Mendoza-Casseres et al., 2021).

4.3.5. Computational studies

Theoretical studies were conducted to explain the experimental results of esterification
of a tilapia oil. According to gas chromatography-mass spectrometry (GC-MS) analysis, the
content of the tilapia oil is: 6.3% octadecanoic acid (OD), 8.7% tetradecanoic acid (TD), 16%
9-hexadecenoic acid (9D), 27.1% 129exadecenoic acid (HD), and 41.9% 9-octadecenoic (90
or oleic) acid.

To investigate the binding affinity and structural interactions of CALB with various
substrates, docking studies were performed using key fatty acids present in fish oil, as shown
in Figure 37. The docking results reveal a clear trend: the binding affinity tends to increase with
the length of the fatty acid chain. This pattern is due to the increasing number of hydrophobic
interactions as chain length extends. The octadecanoic acid (OD) is the longest saturated fatty
acid and exhibited the highest binding affinity, with a binding energy of -67.6 kcal/mol. It
formed stable interactions with the hydrophobic residues Leul40, Alal41, Leul44, Vall54,
Ile189, Leu278, Ala281, Ala282 and I1e285. The 129exadecenoic (HD) and tetradecanoic (TD)
acids, with shorter saturated chains, displayed binding energies of -59.9 and -55.1 kcal/mol
respectively. The resulting reduction in hydrophobic contacts (Leul40 in HD, Leul40 and
Vall54 in TD) corresponds to their lower binding affinity compared to OD, supporting a trend
where fewer hydrophobic interactions are associated with decreased binding energies as the

chain length shortens.



130

Figure 37 — Optimized binding orientation of fatty acids in the active site of CALB, highlighting key
interactions that stabilize substrate binding. Residues within 3 angstroms of each substrate are shown.
Non-polar hydrogen atoms are omitted for clarity.

Source: the author.

The unsaturated fatty acids (9H and 90) revealed a different binding orientation,
primally due to the cis-double bond in their structure. This feature induced slight reorientation
in the binding interaction, involving residues Thr138 (methyl group) and Vall90. The
unsaturated acids 9H and 90 displayed slightly lower binding affinities than their saturated
counterpart (-57.3 kcal/mol and -61.1 kcal/mol, respectively). Their inferior binding energies
are mostly due to loss of contact with the hydrophobic residues Leul44 and Alal41, in 9H, and
Leul40 in 90.

To identify the rate limiting step of the esterification mechanism catalyzed by CALB,
we conducted QM/MM calculations using 9-octadecenoic acid (90, oleic acid) as the substrate,
given its high abundance in the original fish oil mixture. Ethanol (EtOH) was employed as the
alcohol (acyl acceptor), since the esterification reaction produces the ester ethyl oleate, which
is a known standard molecule for biodiesel (Zheng et al., 2017).

The esterification reaction begins with the nucleophilic residue Ser105 initiating an
attack on the electrophilic carbonyl carbon atom of 90, as shown in Figure 38. This step has a
calculated Gibbs free energy barrier of 17.5 kcal/mol (associated with T1A) which is the rate
limiting step of the entire mechanism. In this first transition state, residue His224 acts as a base,
abstracting a proton from Ser105, and activating it as a nucleophile, while Asp187 assists by

stabilizing His224 through hydrogen bonding (Uppenberg et al., 1994). This coordinated action



131

facilitates the formation of the intermediate IA, which is endergonic by 13.4 kcal/mol. In the
unstable gem-diol intermediate IA structure, one additional hydrogen bond is formed with

Thr40, which is the residue responsible for stabilizing the oxyanion hole.

Figure 38 — Mechanism of acylation catalyzed by CALB. The carbon atoms of the substrate (90) are
shown in orange and enzyme atoms are shown in green. Non-polar hydrogens are omitted for clarity.
Bond lengths are displayed in angstroms, and Gibbs free energies are in kcal/mol, relative to the reactant
(Ra).
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In the second step of the acylation mechanism, the gem-diol intermediate undergoes a
collapse to form the acyl-enzyme intermediate Pa. The transition state associated with this
process (T24 in Figure 39) has a calculated Gibbs free energy of 19.3 kcal/mol (5.9 kcal/mol
barrier from I). In T24, His224 now acts as a general acid, transferring a proton (previously
acquired from Ser105 in T1a) to the oxygen atom of the substrate, which causes water to be
released. The acylation reaction is exergonic by 5.4 kcal/mol, indicating a thermodynamically
favourable pathway for forming the acyl-enzyme intermediate.

In the deacylation step, the acyl-enzyme binds one molecule of ethanol (EtOH), which
acts as the acyl acceptor to drive product formation, as shown in Rp in Figure 10. In the first
stage of deacylation, EtOH performs a nucleophilic attack on the electrophilic carbonyl carbon
atom of the acyl-enzyme intermediate. The transition state associated with this step (T1p in
Figure 10) is endergonic by 16.8 kcal/mol. The electrophile-nucleophile distance in Tlp
resembles that in T1A (1.86 and 1.89 A, respectively), accounting for their free energy values.
Similarly to the acylation mechanism, this step also produces a gem-diol intermediate.
However, Ip is endergonic by 8.8 kcal/mol, and 4.6 kcal/mol is more stable than Ia.

Subsequently, the diol intermediate Ip collapses, requiring an additional free energy barrier of
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3.3 kcal/mol (T2p) to complete the reaction. Compared to acylation, the lower free energy
barriers in the deacylation step can be attributed to the enhanced electrophilicity of the carbonyl
carbon in the acyl-enzyme intermediate and the superior leaving group ability of the formed
product. After this step, the catalytic cycle is completed, yielding the ester product (ethyl oleate

Pp), which is 10.4 kcal/mol exergonic energy.

Figure 39 — Mechanism of deacylation catalyzed by CALB. The carbon atoms of the substrate (90) are
shown in orange, ethanol (EtOH) is shown in yellow, and enzyme atoms are shown in green. Non-polar
hydrogens are omitted for clarity. Bond lengths are displayed in angstroms, and Gibbs free energies are
in kcal/mol, relative to the reactant (Rp).
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4.3 Conclusion

The Fe;04-PEI-DGEBA@CALB biocatalyst demonstrated excellent immobilization
efficiency and catalytic performance, making it a promising tool for biodiesel production. The
immobilization method achieved an immobilization yield of 97% using a protein loading of
20mg/g. The biocatalyst displayed exceptional stability, operating under varying pH and
temperature conditions, retaining above 80% activity after 120 days of storage, and maintaining
yields above 65% over ten reaction cycles, highlighting its reusability and economic viability.

Characterization techniques confirmed successful immobilization and the retention of
desirable magnetic properties, enabling efficient separation and reuse. Characterization by
TEM, SEM, XRF, XRD, FTIR, TGA, DTGA, and VSM confirmed the immobilization of
CALB. The biocatalyst showed a magnetization of 52.3 emu/g and superparamagnetic
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behaviour, with very low hysteresis (0.05 kOe), indicating negligible remanent magnetization
and an insignificant coercive field, desirable characteristics for catalytic and magnetic
separation applications.

The esterification of tilapia oil using the biocatalyst resulted in biodiesel with properties
comparable to commercial standards, including key FTIR and NMR signals indicative of ester
formation. The biocatalyst esterified tilapia oil with an initial yield of 98.8%, achieving ten
esterification cycles with yields more significant than 65%. The kinematic viscosity and density
of the biodiesel were 38 mm?/s at 40°C and 0.90 g/cm?® at 20°C. Although the produced
biodiesel's viscosity exceeded ASTM and ANP standards for direct use in combustion engines,
it holds significant potential for blending with less viscous biodiesels or for application in
stationary engines, furnaces, and boilers.

Molecular docking and QM/MM calculations revealed CALB’s substrate specificity,
favouring long-chain saturated fatty acids due to enhanced hydrophobic interactions with key
residues. These findings emphasize CALB’s substrate promiscuity and efficiency in catalyzing
esterification reactions. Hybrid QM/MM calculations identified the nucleophilic attack step in
the acylation mechanism as the rate-limiting step in biodiesel synthesis catalyzed by CALB,
with a free energy activation barrier of 17.5 kcal/mol. The insights gained underscore the
potential of Fe;O04-PEI-DGEBA@CALB as a sustainable and effective biocatalyst for biodiesel

production, supporting its broader application in green chemistry and industrial biocatalysis.
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CHAPTER V

S GENERAL CONCLUSIONS

This thesis integrated theoretical, experimental, and computational approaches for the
development of magnetic biocatalysts based on lipases, focusing on environmentally relevant
reactions such as the production of sustainable biofuels and biolubricants.

Chapter II, demonstrated the growing scientific and industrial interest in the field, with
emphasis on applications in biofuel production through enzymatic catalysis of vegetable oils.
Emerging application areas were also identified, including biosensors, medicine, and
environmental remediation. Despite advancements, challenges such as synthesis complexity
and efficient enzyme immobilization remain, encouraging the development of new functional
supports.

Chapter III, a magnetic nanobiocatalyst (FesO+-PEI-DGEBA@EVS) was developed,
showing high immobilization yield (95.04%) and excellent stability, maintaining over 90% of
its activity after 60 days. The system performed efficiently in the esterification of fatty acids
from babassu oil, reaching up to 97.91% yield and maintaining performance over ten reuse
cycles. In silico studies confirmed the stability of enzyme—substrate interactions.

Chapter 1V, Candida antarctica lipase B (CALB) was immobilized on the same support,
forming the biocatalyst Fes;Os-PEI-DGEBA@CALB. The system achieved 97%
immobilization, high stability with 80% activity after 120 days, and yields above 65% over ten
esterification cycles of tilapia oil. Computational analyses revealed selectivity for long-chain
saturated fatty acids and an energy barrier consistent with the observed catalytic efficiency.

The results confirm the potential of the developed biocatalysts as viable solutions for
sustainable enzymatic catalysis. The combination of efficiency, stability, reusability, and
magnetic separation reinforces their industrial applicability. Future studies may explore new
magnetic materials and co-immobilization strategies to further expand the scope and

applications of these systems.
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