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1. Introduction

Biocatalysis represents a major research area in both industry and academia. Biocatalysis,
defined as the chemical synthesis mediated by a biocatalyst, brings a clean and friendly
alternative to the environment for carrying chemical processes [1,2]. Biocatalysis posses many
advantages such as high selectivities, mild reaction conditions, lower cost, all these making the
chemical transformations catalyzed by biocatalysts intensively used as compared to the
conventional chemical processes. Over the last decades, the research regarding the
immobilization of the enzymes or even the whole cell, presented very few limitations when those
preparates are used as catalysts in organic synthesis [3-5].

Enzymes are protein compounds with a catalytic function, synthesized by living organisms.
Similar to conventional catalysts, they increase the reaction rate by lowering the activation
energy. In addition to classical catalysts, they make possible the biotransformatios of substances
in conditions where the traditional catalyst can not do it. These transformations are due to
specificity, selectivity (chemo-, regio- and stereoselectivity), but above all, to the high enzymatic
activity. All these are important factors in the successful applications of the enzymes, but besides
these ones, the stability and reusability are also critical factors in bioprocesses development
[3,6].

Pure enantiomeric compounds present a major interest in the pharmaceutical industry, since
the two enantiomers of a chiral compound can have different physiological effects, the utilization
of enzymes in this field, lead to optically pure compounds, through selective and biocompatible
reactions. A major concern regarding the engineering process is represented by the capability to
establish an easy method to separate and reuse the biocatalysts [7].

Originally, it was thought that enzymes function exclusively in aqueous media, that they are
incompatible with organic solvents, hypothesis that was later shown to be false. The enzymes
need a layer of water to ensure conformational flexibility, water acting like a lubricant for the
moves of the polypeptide chain. In the absence of this layer, the enzymes become rigid, which
does not necessarily mean its denaturation, but a decrease of its activity was generally observed
[5.,8].

There are many reasons to the use of organic solvents in enzymatic reactions such as: the
reduced solubility of some substrates in water, the avoidance of secondary processes like
hydrolysis or water addition reactions or the avoidance of substrate or product inhibition.
Additionaly, when using water as a solvent microbial contamination, leading to more
complicated separation steps and reduced conversions, occurs. Volatile organic solvents bring
the advantage of being easily removed from the reaction system, allowing the recovery of both,
product and used enzyme [9].

Increasing the stability of enzymes in organic solvents can be achieved by immobilization,
process of passing enzymes in a solid phase. By immobilizing the enzymes, makes possible their
recyclability, and switching to a continuous process operational system, that presents advantages
in terms of productibility and the possibility of automatization. Although immobilization has
many advantages, it has also some downfalls, the major of them being an induced rigidity by the
support on which is carried out the enzyme, leading to a decrease on its activity [10,11].

The main objective of this work is to obtain new bioconjugates of lipase B from Candida
antarctica, their characterization and investigation in the enzymatic kinetic resolution of
different heteroaryl secondary alcohols.

In the first part of original contribution (Chapter 4) are described new stable enzymatic
preparates obtained through the covalent immobilization of lipase B from Candida antarctica



(CaL-B) onto chitosan-coated magnetic nanoparticles using different arm-spacers. The newly
enzymatic preparates were used in the stereoselective synthesis of optically pure heteroaryl
secondary alcohols in batch system [12,13-18,19].

The second part of Chapter 4 presents the immobilization of the same enzyme through
entrapment technique into polyvinyl alcohol and chitosan nanofibers. The obtained bioconjugate
was further tested in the O-transestericafion of two series of phenothiazinyl ethanols (N-alkyl-
phenothiazin-2-yl-ethanols and N-alkyl-phenothiazin-3-yl-ethanols) [20-23].

The third and final part of original contributions is represented by the immobilization of
CalL-B onto (adsoption technique) and into polyvinyl alcohol and polylactic acid nanofibers. The
bioconjugates obtained were used in the enzymatic Kkinetic resolution of 1-benzo[b]thiophen-2-
yl-ethanol in batch and continuous systems, providing a promising background for the process
development [10,22,24].

Lipase B from Candida antarctica, also known as CalL-B, is considered to be one of the
most promising enzymes for industrial processes, due to its specificity and activity in
transesterification reactions when the substrates are secondary alcohols [25-27].

Even this lipase has great properties, it also has some disadvantages when is used in its
free form, making it difficult to recover the enzyme from the reaction mixture in order to reuse it,
and presents a lower stability compared to its immobilized form, on different supports such as:
chitosan, silica, magnetic nanoparticles, or nanofibers [10,28,29,30].



2. Literature Data

3. Aim of the Thesis

The objective of the current work was to develop stable and active bioconjugates of lipase B
from Candida antarctica using nanosupports such as chitosan-coated magnetic nanoparticles
(MNP-CS) or polymeric nanofibers of polyvinyl alcohol (PVA) or polylactic acid (PLA). The
obtained biocatalysts were tested in the EKR of (hetero)aromatic secondary ethanols through O-
transesterification, in batch and continuous systems, in order to obtain optically pure compounds
(Scheme 1).
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Scheme 1. EKR of (hetero)aromatic secondary ethanols through O-transesterification, in batch and continuous
systems.

(Hetero)aromatic secondary alcohol were chosen as substrates due to their importance in the
pharmaceutical field as building blocks for different drugs. Phenothiazine, benzofuran,
benzo[b]thiophene or 2-phenylthiazol are known cores for drugs used as anti-cancer, anti-viral,
anti-bacterial, anti-fungal, asthma or antipsychotic agents [70-75].




4. Personal Contributions
4.1. Chitosan-Coated Magnetic Nanoparticles Bioconjugates of CaL-B Obtained Through

Covalent Immobilization
4.1.1. Introduction
4.1.2. Results and Discussion
4.1.2.1. Chemical Synthesis of Racemic Heteroaryl Ethanols (rac-2a-j) and Their

Corresponding Acetates (rac-3a-j)

The racemic heteroaromatic ethanols were chemically synthesized using known methods
[97-100]. Racemic heteroarylethanols rac-2a—d,g,i,J] were obtain through chemical reduction
with sodium borohydride of the corresponding prochiral heretoaryl-methyl-ketones la—d,g,i,j,
while the heretoarylethanols rac-2e,f,h were prepared through Grignard reaction from the
corresponding aldehydes 1e,f,h (Scheme 2). The racemic ethanols were used as substrates in the
O-transesterification reaction (Scheme 2), and as starting materials for the chemical synthesis of
their corresponding esters, in order to set-up the chromatographic separation methods.
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Scheme 2. Chemical synthesis of racemic ethanols rac-2a—j and their acetates rac-3a—j and O-transesterification
mediated by immobilized CaL-B of racemic ethanols rac-2a—j.

4.1.2.2. Covalent Immobilization of CaL-B on Chitosan-Coated Magnetic Nanoparticle

(MNP-CS) Supports

Having the aim of developing efficient bioconjugates of CaL-B, four methods for were used
the covalent immobilization of lipase B onto chitosan-coated magnetic nanoparticles (MNP-CS)
involving different interactions between support and enzyme: A) the direct covalent binding of
the activated enzyme to the amino groups of chitosan; B) the covalent binding on the residual
epoxy groups of glycerol-diglycidyl ether (GDGE) after its covalent attachment to amino groups
of chitosan; C) the covalent binding through an alkyl-diamine linker (ethyl diamine —ED,
propyl diamine —PD and hexyl diamine —HD) previously linked to the GDGE activated
particles and D) the covalent binding on the sebacoyl chloride (SC)-derivatized MNP-CS via the
activated ester method (Scheme 3).
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Scheme 3. Covalent immobilization of CaL-B on MNP-CS based supports.
4.1.2.3. Synthetic Activity of the Biocatalysts
Since the catalytic activity of lipases in organic solvents is not reflected by their hydrolytic
activity determined in aqueous solution, a sensitive colorimetric method has been developed,
based on the amount of acetaldehyde released when vinyl esters are used in the
transesterification reactions, named synthetic activity [101]. Alongside the obtained
bioconjugates, the synthetic activity of commercially immobilized CalL-B (Novozym 435) as

reference was determined. The obtained results are presented in Tabel 1.
Table 1. Synthetic Activity of the newly obtained enzymatic preparates.

Synthetic Activity®

Entry Preparate (MMOU/MIN*Gpreparae)
1. lyophilized CalL-B 0.44
2. Novozym 435 1.96
3. MNP-CS-CalL-B 0.13
4, MNP-CS-GDGE-CalL-B 0.13
5. MNP-CS-GDGE-ED-CalL-B 0.21
6. MNP-CS-GDGE-PD-CaL-B 0.20
7. MNP-CS-GDGE-HD-CalL-B 0.09
8. MNP-CS-SC-Cal-B 1.95

% according to Lambert-Beer law, where € = 14,300 [101].
For the synthetic activity determination, the same amount of immobilized enzyme was used.
As observed from Table 1, the chitosan-coated magnetic nanoparticles bearing the sebacoyl
moiety (Entry 8) had the same synthetic activity as the commercially immobilized CaL-B (Entry
2), which has the drawbacks to be unstable, under stirring may become fragile, leading to
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enzyme leakage, consequently in a decrease of the biocatalyst’s activity [102,103]. Comparing
the most active bioconjugate (Entry 8) with the lyophilized CaL-B (Entry 1), the bioconjugate
presents a much higher synthetic activity, probably because of the hydrophobic residue that
blocks the enzyme-enzyme interactions at the support surface.
4.1.2.4. Enzymatic Kinetic Resolution Optimization

To corroborate the results obtained for the synthetic activity, regarding the efficiency of the
bioconjugates, they were tested in the O-transesterification reaction of racemic 1-phenyl-1-
ethanol rac-2a chosen as model substrate. The obtained results were in concordance with the
ones obtained in the activity study, proven the most efficient enzymatic preparate to be the one
bearing the sebacoyl moiety (Figure 1). This new conjugate allows a maximum conversion
(50%) in the shortest reaction time (13 hours) and high enantiomeric excesses (ees and eep
>99.9%). For this study and the next two the used substrate-enzyme weight ratio was 5:1, with
the corresponding amount of preparate containing 1 mg of enzyme, in 1 mL of n-hexane as
solvent and at 45 °C and 1000 rpm.
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Figure 1. Biocatalyst screening in the EKR of model substrate racemicl-phenyl-1-ethanol (rac-2a).

4.1.2.5. Optimal Parameters for EKR
4.1.2.5.1. Influence of Temperature on the Biocatalyst’s Activity

Since it is known that temperature plays an important role in the reaction rate of enzyme-
catalyzed reactions, the next study focused on determining the optimal temperature for the most
efficient bioconjugate of CaL-B: MNP-CS-SC-CaL-B. The reactions were performed in 1 mL of
n-hexane, with vinyl acetate as acylating agent (2 equiv.) and a substrate-enzyme weight ratio of
5:1. The temperature range was between 30 °C and 60 °C, gradually increased with 5 °C. The
samples were taken after 2 hours and analyzed on HPLC. After analyzing the experimental data,
the optimal temperature was determined as 45 °C (Figure 2), thus all further experiments will be
performed at this value.
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Figure 2. Temperature effect on enzymatic activity of MNP-CS-SC-CaL-B in the EKR of racemic 1-phenyl-1-
ethanol (conversion after 2 hours).

4.1.2.5.2. Determination of the Optimal Reaction Medium

The enzyme conformation strongly depends on the reaction media; thus, its efficiency
depends on the solvent nature. For the screening of the solvent, five nonpolar and polar aprotic
solvents were used (n-hexane, toluene, tetrahydrofuran (THF), tert-butyl-methyl-ether (MTBE)
and dichloromethane (DCM)), under similar conditions as the previous preliminary studies: vinyl
acetate (2 equiv.), substrate-enzyme weight ratio 5:1, temperature 45 °C. The obtained
experimental data showed n-hexane as optimal reaction medium (obtaining a conversion of 42%
after 6 hours) as compared to toluene, where the conversion was only 12%. In the case of the
other three solvents (THF, MTBE and DCM), the obtained conversion was less than 2%.
Samples were taken after 6 hours and analyzed on HPLC.
4.1.2.5.3. Influence of Substrate: Enzyme Weight Ratio over the EKR

Next, to increase the productivity of the EKR, we studied the optimal substrate-enzyme
weight ratio, using 5 mg of the model substrate rac-2a, 2 equiv. of vinyl acetate, n-hexane as
solvent (1 mL), at 45 °C and 1000 rpm. In order to study the substrate-enzyme weight ratio, the
amount of substrate was maintained for all the experiments, modifying the quantity of enzyme
and enzymatic preparate respectively. Samples were taken after 6 hours and analyzed on HPLC.
After analyzing the obtained results, a substrate-enzyme weight ratio 5:1 was chosen as optimal,
resulting in a conversion of 45%, compared with the higher ratio (15:1) where the obtained
conversion was 12% or with the lower ratio (2.5:1) where the conversion was 30%.
4.1.2.5.4. Influence of the Acylation Agent

It is a known fact that the nature of the acylating agent plays a significant role in the
selectivity of the enantiomer selective acylation. Three vinyl esters (2 equiv.): acetate, butanoate
and decanoate were tested in the O-transesterification of the model compound rac-2a, in the
previously established conditions: 1 mL of n-hexane, substrate-enzyme weight ratio 5:1 at 45 °C
and 1000 rpm. Samples were taken every 2 hours until the completion of reaction. As observed
in Table 2, the best acylating agent has proven to be vinyl acetate, allowing the maximum
conversion (50%) in the shortest reaction time (13 hours) (Entry 1), and with higher
enantiomeric excesses (ees and eep > 99.9%).
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Table 2. Determination of the optimal acylation agent

Entry Acylation agent Time (h) ees® (%) eer® (%) cb (%)
1 Vinyl acetate 13 >99.9 >99.9 50

2 Vinyl butyrate 79 >99.9 >99.9 50

3 Vinyl decanoate 24 77.6 85 43.7

 determined from peak areas of HPLC chromatograms; ° calculated with the formula ¢ = [eeg/(ees+eep)]
4.1.2.5.5. Substrate-Vinyl Acetate Ratio Effect

Another parameter that can influence both the reaction rate and the synthetic activity is
represented by the substrate-vinyl acetate ratio. The experiments were performed with the
previously determined conditions (1 mL of n-hexane, substrate-enzyme weight ratio 5:1, vinyl
acetate as acylating agent, at 45 °C and 1000 rpm), on the substrate model rac-2a. The ratios
between the substrate and vinyl acetate (equiv.) used were: 1:0.75, 1:1, 1:2 and 1:4. When 2 and
4 equiv. of acylating agent were used, the maximum conversion was reached (50%), the
biocatalyst having similar synthetic activity (Figure 3). Due to economical and environmental
reasons, the ratio between substrate and vinyl acetate used in the further experiments was 1:2.

m Conversion (%)
°0 50 B Synthetic activity
50 42
35.2

40
30
20
10 1.64 1.95

0

0.75 1 2 4
Substrate-vinyl acetate ratio

Figure 3. The influence of substrate: vinyl acetate ratio on the conversion and synthetic activity in the EKR of
racemic 1-phenyl-1-ethanol (rac-2a).

4.1.2.6. Analytical-Scale Lipase-Mediated O-Transesterification Reactions of Racemic

Heteroarylethanols rac-2a—j

Having the optimal parameters previously determined for the enzymatic Kkinetic resolution,
next the substrate domain for the new bioconjugate of lipase B from Candida antarctica (MNP-
CS-SC-CalL-B) was established. Samples were taken periodically from the reaction mixture,
diluted with n-hexane and analyzed on HPLC using the appropriate chiral columns (Table 3,
Table 4 from section 5.1.). The obtained results showed a very good conversions (c>49%), high
optical purities (eep> 99.9%, ees>96%, E>200), for all investigated heteroarylethanols. The
bioconjugate presented an excellent catalytic property and a wide substrate domain composed of
aromatic and heteroaromatic substrates bearing phenyl, thiophene, benzothiophene, furan,
benzofuran, phenothiazine and thiazole moieties.

11



Table 3. EKR of heteroarylethanols rac-2a-j

Reaction time

Entry Substrate (h) ees (%) cte (%)
1 rac-2a @A 13 >99.9 50
2 rac-2b Q)\ 5 >99.9 50

N02
3 rac-2c /@)\ 5 98.9 49.7
o
S
4 rac-2d ) 45 >99.9 50
S
5 rac-2e @4 4 97.6 49.4
S
6 rac-2f @ 16 96.9 49.2
(0]
7 rac-2g @4 8 96.1 19
(0]
8 rac-2h Cﬁﬁ 12 98.2 49.6
|
N
9 rac-2i ©is:©\/ 10 96.8 49.2
. Cl.
10 rac-2j | 3 >99.9 50

e

2 determined from peak areas of HPLC chromatograms; ° calculated with the formula ¢ = [ees/(ees+eep)]; © eep
>99.9% in all cases, E »200.

4.1.2.7. Recycling Experiments

50 - rac-2e A rac-2i B
50 4
< 40 - w0
< S
z 30 € 3
I S
§ 20 - g 20 -
5 10 £ 10 -
© 3}
0 - 0 -
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Cycle Cycle

Figure 4. A. The reusability of the optimal biocatalyst MNP-CS-SC-CaL-B in the EKR of racemic benzothiophene-
2-ethanol (rac-2e - 1 hour reaction time) and B. of racemic N-ethyl-phenothiazinyl-3-ethanol (rac-2i -10 hours
reaction time)

Since the reusability and stability are important factors for every biocatalyst and a crucial
requirement in any applications, allowing the development of sustainable processes, the most
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efficient bioconjugate (MNP-CS-SC-CalL-B) was tested in the EKR of rac-2e (reaction time 1
hour) and rac-2i (reaction time 10 hours) (Figure 4A, 4B) perfected in the previously
determined conditions. The reaction was performed 10 consecutive times, the immobilized
enzyme being washed with n-hexane (3x0.5 mL) after each cycle and immediately used in the
next one. The biocatalyst presented a high stability in n-hexane, especially showed in the EKR of
rac-2i, the compound bearing a phenothiazine moiety. The conversion decreased with less than
3% after a total of 100 h in the organic solvent. In the case of rac-2e, compound with a
benzothiophene moiety, the biocatalyst maintained its activity through all 10 reaction cycles, the
conversion decreasing with less than 3%, after an overall reaction time of 10 h reaction time.
4.1.3. Conclusions

The optimization of enzymatic kinetic resolution of heteroarylethanols mediated by lipase B
from Candida antarctica covalently immobilized onto chitosan-coated magnetic particles was
performed. As demonstrated, the covalent immobilization method offers the possibility of
developing efficient biocatalysts for different applications by varying the spacer-arm positioned
between the enzyme and support. Finding the optimal parameters that influence the reaction rate,
activity, and selectivity (temperature, substrate-enzyme ratio, solvent, acylating agent and
substrate-vinyl acetate ratio), the enzymatic preparate bearing the sebacoyl moiety both as
activating agent and spacer-arm, provided high efficiency for each tested substrate. The newly
obtained bioconjugate has proved to be highly stable in organic solvents, its activity remains
high in both recyclability cases even after 10 cycles, decreasing with less than 5%.

4.2. Nanobiocatalyst Based on PVA-CS Nanofibers for Phenothiazinyl-Ethanols

Resolution
4.2.1. Introduction
4.2.2. Results and Discussion
4.2.2.1. Chemical Synthesis of Phenothiazinyl-Ethanols (rac-1a-e and rac-2b-e)

The racemic ethanols containing a phenothiazine moiety were synthesized using known
methods [97-99]. The racemic heteroarylethanols rac-la—e were obtained through chemical
reduction with sodium borohydride of the corresponding prochiral heteroaryl-methyl-ketones,
while the heteroarylethanols rac-2b—e were obtained by Grignard reaction from the
corresponding aldehydes (Scheme 4A). The obtained racemic ethanols were used as substrates in
the O-transesterification reactions (Scheme 4B), and also as starting materials for the chemical
synthesis of their corresponding acetates (rac-3a—e and rac-4b—e), in order to set-up the
chromatographic separation methods (Table 5 in section 5.1).
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Scheme 4. A. Chemical synthesis of racemic ethanols rac-1la—e and rac-2b-e their acetates rac-3a—e and rac-4b—e;
B. Enantiomer selective O-transesterification of racemic ethanols mediated by immobilized CaL-B.

4.2.2.2. Electrospinning Process

Even if the bioconjugate of CaL-B was obtained through electrospinning technique, we can
still consider that the new biocatalyst was obtained by using the entrapment method. The optimal
enzyme loading through entrapment is the lowest amount of the enzyme assuring the highest
biocatalytic activity [135]. According to the literature, the most used protocol for enzyme
entrapment in polymeric nanofibers based on PVA and chitosan, uses a mixture of 8% PVA and
1.35% CS solutions, with the volumetric ratio of PVA: chitosan=8:2 (v/v) [19,21,22].
4.2.2.2.1. Biocatalyst Morphology Characterization

The nanofibers were characterized through electronic transmission microscopy (TEM). The
images of PVA-CS nanofibers prepared as reference (Figure 5a,b) indicated a good
homogeneity and an uniform dimensional distribution, while in the presence of lipase (Figure
5¢), the enzyme molecules are visible mostly into nanofibers, indicating the enzyme
immobilization preponderant through entrapment and less by adsorption onto the polymeric
support surface.
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c
Figure 5. TEM images of the new biocatalyst (PVA-CS-CaL-B). a. PVA-Chitosan nanofibers homogeneity and

uniform distribution, with a magnification of 5x (500 nm) and high voltage (80kV); b. PVA-Chitosan fibers length
determined between 120-152 nm, using a magnification of 10x (200 nm) and high voltage (80kV). c. PVA-Chitosan

nanofibers containing CaL-B at an amplification allowing to observe the enzyme molecules, using a magnification

of 15x (100 nm) and high voltage (80kV).
4.2.2.2.2. Synthetic Activity of the Enzymatic Preparate
The first evaluation of the new biocatalyst was determining its synthetic activity, based on

the previous mentioned method [101]. The synthetic activity assay is based on the reaction of n-
butanol with vinyl acetate, the released acetaldehyde being quantified after derivatization with 3-
methyl-2-benzothalininone hydrazone (MBTH); the aldazine intermediate reacts further with
another MBTH molecule by oxidative coupling in the presence of ammonium iron (IlI) sulfate
(NH4Fe(S04),x12 H,0O) forming a blue tetraazapentamethylene-cyanine (TAPMC) with a
maximum absorption at 598 nm (Scheme 5) [101].

o biocatalyst (0] MBTH
—_——
)’I\O/\ + n-C4Hg-OH n-hexane )’I\O/ n-C4Hg + A @[ >_N

MBTH
Fed*/H*
_ ) 4( . _ e _
N\ o /,N'“\ N N:(
)N N @[ >=N N
5 Ne S N’
=N >=N/®
HS 'i s

TAPMC
Scheme 5. Reactions involved in the synthetic activity protocol.

Using this assay, a high value for the synthetic activity of the nanobioconjugate (PVA-CS-
CalL-B) 6.1 mmolxmln xgb.ocamyst was obtained as compared with those of Novozym 435 (1.96
mmolxmin™ XQbiocatalyst l) or with previously reported CalL-B covalently |mmob|I|zed onto
magnetlc nanoparticles coated with chitosan (MNP-CS-SC-CaL-B, 1.95 mmolxmin™ XQpiocatalyst
1y, with the mention that each biocatalyst contained the same amount of enzyme (1 mg of CaL-
B), resulting in 5 mg PVA-CS-CaL-B, 10 mg Novozym 435 and 3.63 mg CaL-B immobilized
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onto magnetic nanoparticles. The approximately 3 fold increased synthetic activity of the new
developed biocatalyst is related to the used immobilization technique (enzyme entrapment in
polymeric nanofibers); the enzyme molecules are dispersed into a nanofibrous system with a
large surface area and as result the biocatalyst’s molecules are much more flexible (as compared
with those covalently bonded on MNP-CS-SC-CalL-B or those physically adsorbed in the case of
Novozym 435, the last one being known for the problems related to the enzyme desorption
[100]). Moreover, the polymeric matrix proved to be suitable for binding a larger lipase quantity,
resulting in a higher immobilization capacity, which can be important for synthetic applications
requiring high-loaded biocatalysts.

4.2.2.3. Lipase Mediated EKR Studies Through O-Transesterification

4.2.2.3.1. Determination of the Optimal Reaction Medium

Since the solvent plays a crucial role in the stability of both support and enzyme and can
influence the enzyme’s catalytic properties [132], we determined the optimal solvent, based on
the nanofiber's support stability. Four nonpolar and polar aprotic solvents were tested:
dichloromethane (DCM), tetrahydrofuran (THF), chloroform and n-hexane. The polar solvents
influenced through stereoregularity the properties of PVA, which was already influenced by the
dipole-dipole interactions or hydrogen bonds with other polar groups [133]. Based on this
experimental facts, n-hexane was chosen as solvent, since after keeping under stirring at 50 °C
and 1000 rpm for 24 hours, only a loss of 0.46% was recorded, as compared with chloroform (of
1.47%), THF (2.77%) or DCM (8.1 %), demonstrating the impressive biocatalyst stability in
organic media.
4.2.2.3.2. Determination of the Substrate Domain and the Substrate: Enzyme Weight Ratio for

Each Compound

In order to determine the substrate domain of the new biocatalyst, the EKR of nine
substrates were performed in n-hexane (based on nanofibers stability) using 10 mg of substrate
(rac-la—e, rac-2b—e, Figures 6A,B), 2 equiv. of vinyl acetate, 5 mg of enzyme preparate
(containing 1 mg of CaL-B) and 1 mL of n-hexane, at 50 °C and 1000 rpm. Samples were taken
periodically and analyzed on HPLC.

In the phenothiazine-2-yl-1-ethanols series (Figure 6A), the maximum conversion was
obtained for the N-ethyl- (rac-1b) and N-butyl (rac-1d) derivatives in 10-12 hours, while the N-
propyl- (rac-1c) and the unsubstituted phenothiazine-2-yl-1-ethanol (rac-1a) were transformed
much slower. For rac-1e, bearing a voluminous hexyl group at the nitrogen atom, the conversion
remains low even after 12 hours (approx. 2.8%).

The N-ethyl and N-butyl derivatives react faster and the conversion of 50% was reached
after 10, respectively 12 hours. Based on these results it was concluded that the new
bioconjugate presents a good activity in the EKR of large substrates, but for molecules with an
alkyl group longer then butyl the interaction of the substrate with the enzyme is weaker. In all
EKR processes studied the immobilized enzyme presented high enantiomer selectivity
(enantiomeric excesses close to 100% at 50% conversions).

In the phenothiazine-3-yl-1-ethanols series the obtained results (Figure 6B) were moderate
to modest 6.7-40.23%, even after 48 hours, our data supporting the dependence of the
conversion on the ethanol’s position on the phenothiazine nucleus and the substrate-enzyme
interaction strength.
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Figure 6. The enzymatic kinetic resolution (EKR) of the racemic N-alkyl-phenothiazine-2-yl-1-ethanols (A) and N-
alkyl-phenothiazine-3-yl-1-ethanols (B).

Since in the EKR of N-substituted phenothiazine-3-yl-1-ethanols (rac-2b—e) only moderate
to modest conversions were recorded with vinyl acetate as acylating agent even after 48 hours,
vinyl butanoate was next tested (Figure 7). Some improvements (conversions higher with
approximately 5-10%) were observed for all four derivatives. The maximum 50% conversion
was reached after 48 hours only in the case of 1-(10-ethyl-10H-phenothiazine-3-yl)ethan-1-ol
(rac-2b). It is important to note now the behaviour of the N-propyl- and N-hexyl-phenotiazine-3-
yl-1-ethanols rac-2c,e, reacting with similar rates when the asymmetric carbon of the ethanol
moiety is fixed at de carbon 3 of the phenothiazine structure.
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Figure 7. The EKR of N-alkyl-phenothiazine-3-yl-1-ethanols (rac-2b—e) with acylating agents (VA- vinyl acetate
and VB- vinyl butanoate).

In order to improve the productivity, the influence of substrate-enzyme weight ratio over the
reaction rate and conversion for each substrate was next studied (Figures 8-12). For the N-alkyl-
phenothiazine-2-yl-1-ethanols eight different ratios between 10:1 and 100:1 were tested, while
for N-alkyl-phenothiazine-3-yl-1-ethanols only three different ratios were investigated (10:1,
50:1 and 100:1) (Figure 13). It was already noticed that the conversion decreases as the length of
the alkyl chain increases and with the increase of substrate concentration. At lower substrate
concentrations, when rac-1b was used as substrate, good conversions were obtained. Samples
were taken every two hours, until 12 hours (EKR of rac-1d was complete) and analyzed on
HPLC.

The biocatalyst presented high selectivity and activity for all the substrates at the lowest
substrate:ezyme ratio (10:1). For the unsubstituted N-alkyl-phenothiazine-2-yl-1-ethanol, the
highest conversion was obtained when a ratio of 50:1 was used (c= 37.9 %) (Figure 8) with the
enantiomeric excess of product >99.9.
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Figure 8. Influence of enzyme weight ratio on the conversion of rac-1a
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In the case of N-ethyl-phenothiazine-2-yl-1-ethanol rac-1b, the highest conversion was
obtained at a substrate:enzyme weight ratio of 30:1 (c= 49.8%). As we expected, the conversion
increased as compared to the one at the lowest ratio used (10:1) (Figure 9).
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Figure 9. Influence of enzyme weight ratio on the conversion of rac-1b.
For the N-propyl-phenothiazine-2-yl-1-ethanol, the conversion for the ratios 10:1 and 40:1
is comparable, 42.57%, respectively 42.2 % (Figure 10).
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Figure 10. Influence of enzyme weight ratio on the conversion of rac-1c.
The exception in this study was the N-butyl derivative (rac-1d), when the approximate

maximum conversion was reached, regardless of the substrate-enzyme weight ratio used (Figure
11).
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Figure 11. Influence of enzyme weight ratio on the conversion of rac-1d.
In the case of the N-hexyl-derivative, rac-1e, the substrate was transformed in insignificant
quantities even at the lowest concentration (2.7%. conversion) (Figure 12).
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Figure 12. Influence of enzyme weight ratio on the conversion of rac-1e.

In the phenothiazine-2-yl-1-ethanols series, the maximum 50% conversion was obtained for
N-ethyl- (rac-1b, substrate:enzyme ratio=10:1) and ¢>47.5% was obtained for N-butyl (rac-1d,
regardless of the substrate:enzyme ratio used) derivatives in 10-12 hours, while the N-propyl-
(rac-1c) and the unsubstituted phenothiazine-2-yl-1-ethanol (rac-1a) were transformed much
slower. For rac-le, bearing a voluminous hexyl group at the nitrogen atom, the conversion
remains low even after 12 h (approx. 2.8%). In order to improve the activity of the biocatalyst, it
was also tested in the EKR of rac-1d using as acylating agent vinyl butanoate, but even after 72
h the reaction did not reached the maximum conversion, only 47%.

Based on these results, it was concluded that the new bioconjugate presents a good activity
in the EKR of large substrates, but for molecules with an alkyl group longer than butyl the
interaction of the substrate with the enzyme is weaker.

Next, the new bioconjugate was tested in the EKR of a series of phenothiazine-3-yl-1-
ethanols (rac-2b-e). When using vinyl acetate as acylating agent, the obtained conversions were
moderate to modest after 48 h. Having these conversion values, vinyl butanoate was also tested
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as acylating agent for the phenothiazine-3-yl-1-ethanols (rac-2b-e). There were observed
improvements for all substrates, the obtained conversions were higher with 5-10% than the ones
obtained when vinyl acetate was used as acylating agent. The maximum conversion was obtained
in the case of rac-2b (ethyl derivative) after 48 h.

Vinyl acetate was used as acylating agent in all experiments due to the price of vinyl
butanoate. As expected, at lower concentrations of substrate, good conversions have been
obtained for rac-2b (approximatively 40%, after 48 hours). The conversion follows the same
pattern as described above, decreasing with the increase of alkyl chain, with the exception of 1-
(10-butyl-10H-phenothiazine-3-yl)-ethan-1-ol (rac-2d) (Figure 13).

Influence of the substrate and substrate-enzyme weight ratio for phenothiazine-3-yl-1-
ethanols series
50 ~
2h 24h m48h
40.1 40.2
. 34.5 354
g % 30.2
5 24.9 26.3
4
o 19.8
2 20 -
S 12.8
’ 11.2
10 - 8.5
0
2b 20|2d|2e |2b|20|2d|2e |2b|20|2d 2e
S:E=10:1 S:E=50:1 S:E=100:1

Figure 13. Influence of the substrate and substrate-enzyme weight ratio for phenothiazine-3-yl-1-ethanols series

4.2.2.4. Recyclability Experiments

The recyclability and stability of every new enzymatic preparate is an important requirement
in any process, allowing to develop its sustainability. The reusability of this new bioconjugate of
CalL-B was studied in the enantioselective acylation of rac-1d with vinyl acetate as acylating
agent, and a substrate: enzyme weight ratio of 10:1. As presented in Figure 14, its activity
remains high even after 10 cycles, decreasing with less than 3%. As consequence, the operational
and long-term stability makes this biocatalyst promising in the continuous-flow system, allowing
a higher productivity. Samples were taken after 30 min and analyzed on HPLC.
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Figure 14. The reusability of PVA-CS-CaL-B in the EKR of rac-1d (30 min reaction time).

4.2.3. Conclusions

The immobilization of lipase B from Candida antarctica through entrapment into PVA-CS
electrospun nanofibers represents a promising alternative for the preparation of high-surface-
area, active and stable membrane containing enzyme, efficient in the EKR of bulky racemic
phenothiazine-yl-ethanols, as compared with previously reported results (19-24 hours reaction
time and 1:2 substrate:biocatalyst weight ratio) [99,100]. As consequence of the enzyme fine
dispersion in the polymer matrix and large surface area of the resulted nanofibers, a significant
increase in the lipase synthetic activity was noticed as compared with other preparates (lipase
adsorbed on polyacrylamide beads- Novozyme 435 or covalently bonded on activated chitosan
coated MNP). Moreover, this study demonstrates for the first time that PVA-CS lipase
entrapment is suitable to form membrane biocatalysts with high activity, selectivity and excellent
stability for synthetic application, obtaining high conversion values for bulky substrates
containing phenothiazine skeleton with a substrate:enzyme weight ratio of at least 10:1 and
relatively short reactions time (aproximately 12 hours). At the same time, the enzyme preserved
more that 95% of its activity even after 10 reaction cycles, making it a promising candidate for
continuous flow applications.

4.3. Nanocomposites of CalL-B Based on Biopolymeric Nanofibers of PLA/PVA
4.3.1. Introduction
4.3.2. Results and Discussion
4.3.2.1. Chemical Synthesis of racemic 1-Benzo[b]Thiophen-2-yl-Ethanol

The racemic 1-benzo[b]thiophen-2-yl-ethanol was synthesized using known methods [94-
97]. Racemic 1-benzo[b]thiophen-2-yl-ethanol was obtained by Grignard reaction from the
corresponding aldehyde (Scheme 6A). The obtained racemic ethanol was used as substrate in the
O-transesterification reaction (Scheme 6B) and as starting material for the chemical synthesis of
the corresponding acetate, in order to set-up the chromatographic separation method.
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Scheme 6. A. Chemical synthesis of rac 1-benzo[b]thiophen-2-yl-ethanol and its acetate; B. Enantiomer selective
transesterification of rac 1-benzo[b]thiophen-2-yl-ethanol mediated by immobilized CalL-B.

4.3.2.2. Cal-B Immobilization by Adsorption and Entrapment in PLA and PVA Nanofibers

The most used immobilization methods in industry are physical adsorption, inclusion, cross-
linking and covalent bonding, the first two being preferred due to the price-cost efficiency ratio.
[79]. Cross-linking involves both inclusion and covalent bonding using specific chemical agents,
most often glutaraldehyde vapors. After binding by physical adsorption, enzyme molecules
maintain their initial conformation and usually the resulting biocatalyst presents high activity.

The enzyme entrapment method protects the biocatalyst, allows the transport of low
molecular weight compounds, can be used in a continuous regime, is easily separated from the
reaction medium, and allows the controlled release of the product. However, this type of
immobilization presents mass transfer limitations and low enzyme loading. Moreover, enzyme
molecules can create a compact structure changing the nanofibers skeleton, making them
impossible to use as catalyst in many cases [66].
4.3.2.3. The Nanofibers Morphology Characterization

The obtained nanofibers were analyzed by electronic transmission microscopy (TEM). It
confirmed the nanodimensions of the fibers having a diameter between 126 and 439 nm (Figure
15A). In the images recorded before (Figure 15B) and after (Figure 15C) the CalL-B
immobilization onto PLA nanofibers by adsorption, the presence of enzyme molecules at the
surface of the nanofibers were confirmed and some structural changes were noticed as irregular
conglomerates onto the nanofibers surface.
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Figure 15. A. PLA fibers length in the range 126-439 nm, using a magnification of 6x (500 nm) and high voltage
(80kV); B. PLA nanofibers homogenity and uniform distribution, with a magnification of 20x (100 nm) and high
voltage (80kV); C. TEM images of the new biocatalyst PLA nanofibers with CaL-B adsorbed on their surface, with
a magnification of 20x (100 nm) and high voltage (80kV).

The entrapment of CaL-B into PLA nanofibers (Figure 16A) using a procedure described in
the literature [68], led in our experiments to a compact structure, determined through scanning
electron microscopy (SEM), (Figure 16B), which probably do not allow the crossing of organic
molecules, in order to interact with the entrapped enzyme.

Figure 16. A. PLA nanofibers without enzyme; B. PLA nanofibers with entrapped CaL-B molecules.

Six enzyme preparates were obtained: four based on PVA (8 and 10% w/v) nanofibers, one
was through enzyme entrapment and three through adsorption and two based on PLA (8% wi/v)
nanofibers:one through adsorption and one through entrapment. All six enzymatic biocatalysts
were tested in the EKR of rac -benzo[b]thiophen-2-yl-ethanol.
4.2.3.4. EKR of Racemic 1-Benzo[b]Thiophen-2-yl-Ethanol in Discontinuous System
4.2.3.4.1. PVA Nanofibers Based Biocatalysts

The activity and selectivity of the four PVA nanofibers-based biocatalysts were tested in the
O-acylation of racemic 1-benzo[b]thiophen-2-yl-ethanol by transesterification with vinyl acetate.
In order to improve the productivity of the process, two different substrate:enzyme weight ratios
(8:1 and 10:1) were used in n-hexane as solvent, at 30 °C and 4 equiv. of vinyl acetate (Figure
17). Samples were taken every two hours, until the reaction reached the maximum conversion
(c=50%) with high enantiomeric excesses (eesand eep >99.9%).
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Figure 17. The influence of substrate:enzyme weight ratio on the transesterification of rac 1-benzo[b]-thiophen-2-
yl-ethanol with vinyl acetate (4 equiv.) in n-hexane, mediated by PVA based biocatalysts.

According to the experimental data, the best preparate was the one based on enzyme
immobilized through adsorption on PVA nanofibers obtained from a 10% polymer solution. In
the case of adsorbed CalL-B onto nanofibers prepared from PVA 12% solution, the conversions
were much lower. This outcome might be explained by the elevated polymer concentration and a
limited mass transfer, making the substrate access to the enzyme’s catalytic site problematic, or
by a higher enzyme loading, leading to conglomerates of enzyme’s molecules, decreasing its
activity.

In order to find the optimal parameters, the influence of substrate:vinyl acetate ratio was
also studied in the EKR mediated by the best PVA preparate. The reactions were monitored by
taking samples every two hours until the maximum conversion was reached. As already
determined, the best biocatalyst reached the 50% conversion after eight hours when 4 equiv. of
vinyl acetate were used. With 2 equiv. the reaction reached only a 36.8% conversion after eight
hours.
4.2.3.4.2. PLA Nanofibers Based Biocatalysts

The preparates based on PLA nanofibers were also tested in the O-tranesterification of rac
1-benzo[b]-thiophen-2-yl-ethanol with vinyl acetate as acylating agent and the previous
determined substrate:enzyme weight ratio of 8:1. The samples were taken periodically, until the
reaction reached the maximum conversion (50%) (Figure 18), resulting in products high
enantiomeric excesses (ees and eep >99.9%).
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Figure 18. The influence of the immobilization method on the O-transesterification of rac 1-benzo[b]thiophen-2-yl-
ethanol with vinyl acetate (2 equiv.) in n-hexane, mediated by PLA based biocatalysts.

Based on experimental data, the optimal PLA nanofibers preparate was obtained by lipase
adsorption onto the polymeric nanofibers. The maximum conversion was reached in a relatively
short period of time (1.5 hours), as compared to the preparate obtained by enzyme entrapment
into the nanofibers, when 41% conversion was reached in 8 hours. A possible explanation might
be the enzymatic conglomerates observed in SEM images (see Figure 16B), leading to a
decrease of enzyme’s mobility that has been trapped into the polymeric network, leading also
into a decrease of enzyme’s activity. Besides, the substrate molecules need to traverse the
polymeric hydrophobic membrane to access the catalytic site of enzyme, and during this
crossover the polymer molecules can interact with the substrate.

Next, in the optimal conditions previously determined: n-hexane as solvent, vinyl acetate as
acylating agent, substrate:enzyme ratio (w/w) of 8:1 and 30 °C, the influence of substrate:vinyl
acetate ratio was studied using 2 and 4 equiv. of acylating agent. Thus, when the PLA nanofibers
biocatalyst was used, the optimal ratio was 2 equiv. of vinyl acetate, the maximum conversion
was reached in 1.5 hours, as compared to 6 hours when 4 equiv. were used. Since the enzymatic
preparate having PLA nanofibers as skeleton was the most active of the six biocatalysts, reaching
the maximum conversion in the EKR of rac 1-benzo[b]thiophen-2-yl-ethanol in the shortest
period of time requiring only 2 equiv. of vinyl acetate, this biocatalyst was chosen for the
recycling experiments.
4.2.3.4.3. Recycling Experiments

The enantioselective acylation of racemic 1-benzo[b]thiophen-2-yl-ethanol with vinyl
acetate was further used for testing the biocatalyst reusability (reaction time 1 hour). The
reaction was performed 10 consecutive times, separated immobilized enzyme being washed with
n-hexane (3x0.5 mL) after each cycle and immediately used in the next one. As presented in
Figure 19, its activity remains high even after 10 cycles, decreasing by less than 12%. As
conclusion, the operational and long-term stability makes this active biocatalyst promising in the
continuous-flow system, allowing a higher productivity.
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Figure 19. The reusability of PLA-CaL-B prepared by adsorption in the EKR of rac 1-benzo[b]thiophen-2-yl-
ethanol (after 1 h reaction time) with vinyl acetate (2 equiv.) in n-hexane at 30 °C.

4.2.3.5. Continuous-Flow PLA-CaL-B-mediated O-acylation of rac 1-Benzo[b]Thiophen-2-yl-

Ethanol with Vinyl Acetate

With the aim to increase the efficiency of the biocatalytic process, the best CalL-B
bioconjugate based on polymeric nanofibers (PLA-CalL-B) was tested in continuous-flow
experiments, using packed-bed reactor (30x4.6 mm) in the O-acylation of rac 1-
benzo[b]thiophen-2-yl-ethanol with vinyl acetate (2 equiv.) in n-hexane, using a substrate
concentration of 8 mg/mL (Scheme 7). Two of the most important parameters that influence the
productivity in continuous-flow system, temperature, and flow rate, were investigated.

%\ ()]
"/O/go

vinyl acetate

s OH | (R) - ester
©i/)_< | ( PLA-CaL-B ) —— .

n-hexane

rac-alcohol S OH
QU

(S) - alcohol

Scheme 7. Lipase-mediated O-acylation of racemic 1-benzo[b]thiophen-2-yl-ethanol in continuous-flow packed-bed
reactor.

The process was investigated at different flow-rates in the range of 0.2-0.5 mL/min and
different temperatures in the range of 30-50 °C, using a substrate concentration of 8 mg/mL and
2 equiv. of vinyl acetate. In all four cases, the conversion increased with the temperature, the
maximum conversion being reached at 50 °C at flow-rates of 0.2 and 0.3 mL/min. As observed
in Figure 20, the influence of temperature is relatively insignificant at constant flow of 0.2
mL/min. At 0.3 mL/min flow-rate, there is a slight increase from 46% to the maximum
conversion of 50%. In the cases of higher flow-rates, 0.4 and 0.5 respectively, a slight increase
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was also noticed, from 38% to 43% at 0.4 mL/min and 35% to 41% for 0.5 mL/min flow-rate. In
conclusion, when using lower flow-rates, an increased temperature is not justified, it will only

increase the overall cost of the process. As expected, the conversion increased with the
temperature, but decreased with the increasing of the flow-rate.
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Figure 20. Influence of temperature at constant flow-rates on the continuous-flow EKR of rac 1-benzo[b]thiophen-
2-yl-ethanol with vinyl acetate (2 equiv.) in n-hexane.
4.3.3. Conclusions

This study demonstrated that the CalL-B-nanofiber composites prepared through adsorption
allow the development of stable and active biocatalyst for the enzymatic Kkinetic resolution of
heteroarylethanols having a bulky skeleton. The PLA nanofibers-based biocatalyst has proven to
be the most efficient, reaching the maximum conversion (50%) in the shortest period of time (1.5
hours). The operational stability of this preparate was studied in reusability experiments,
conserving 77% from its initial activity, making it a valuable candidate for continuous-flow
investigations. Two parameters that can influence the reaction rate were investigated:
temperature (30-50 °C) and flow-rate (0.2-0.5 mL/min), maintaining constant the substrate
concentration (8 mg/mL). The obtained experimental data confirmed the expected trend
regarding the reaction rate: the conversion increased with the temperature, reaching its maximum
at 50 °C, when lower flow-rates were used (0.2-0.3 mL/min). At the same time, the influence of

flow-rate over the reaction rate was also confirmed, the last one decreasing by 18-28% with the
increase of the flow-rate.

5. Experimental Part
6. Conclusions

The studies performed in the current thesis present the optimization of lipase-mediated
kinetic resolution processes using different heteroaryl secondary alcohols regarding the stability,
activity, and productivity of the enzymatic preparates used as catalysts.

Six enzymatic preparates of CalL-B were obtained through covalent immobilization onto
chitosan-coated magnetic nanoparticles (MNP-CS) using different linkers and spacer-arms. The
most active preparate was the one obtained with sebacoyl chloride as spacer-arm, presenting a
synthetic activity similar to the commercially available form of CaL-B (Novozym 435). After
setting the optimal parameters (45 °C, n-hexane as solvent, vinyl acetate as acylating agent,
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substrate:enzyme optimal weight ratio (5:1) and the optimal substrate:vinyl acetate ratio (1:2),
the preparate was tested on a series of heretoaromatic secondary alcohols, obtaining high values
of conversion (c>49%) and maximum product enantiomeric excess (eep>99.9%) in relatively
short reaction time (3-16 h). At the same time, it was demonstrated that the nature of the
acylating agent influences the activity of the immobilized enzyme. Based on the promising
conversions in relatively short reactions time, the reusability of this preparate was also tested in
the transesterification reactions of rac-2e (1-benzo[b]thiophen-2-yl-ethanol) and rac-2i (N-ethyl-
phenothiazinyl-3-ethanol). The newly developed biocatalyst presented very good stability and
activity (after an overall reaction time of 10 h and 100 h respectively), its activity decreasing
with less than 5% after 10 cycles, making it a promising candidate for EKR processes in
continuous system.

An enzymatic preparate obtained through entrapment by electrospinning was synthesized,
using chitosan-PVA nanofibers as immobilization support. After finding the optimal ratio
between the two polymers, the obtained fibers were analyzed and characterised and the synthetic
activity of the bioconjugate was determined, obtaining a value of 6.1 mmolxmin ™ Xgpiocatatyst -
(three times higher than Novozym 435 or MNP-CS-SC-CalL-B). The stability of the preparate in
organic solvents was studied and n-hexane was found to be optimal. This new bioconjugate of
CalL-B was studied in the EKR of two series of phenothiazinyl chiral secondary ethanols: N-
alkyl-phenothiazin-2-yl-1-ethanols and N-alkyl-phenothiazin-3-yl-1-ethanols. All substrates were
synthesized according to the literature, alongside the new N-hexyl derivatives for each series,
that have not been previously reported. The PVA-CS-CaL-B bioconjugate presented a high
activity in the N-alkyl-phenothiazin-2-yl-ethanols serie, obtaining good conversions for ethyl-,
propyl- and butyl-derivatives in a relatively short time (10-12 h). As for the N-alkyl-
phenothiazin-3-yl-ethanols series it has been observed that vinyl acetate was not the optimal
acylating agent, the conversions were lower than 40%, even a higher reaction time (48 h), vinyl
butanoate was further tested and increased conversions were obtained (5-10% in the case of all
derivatives after 48 h).

The recyclability of this preparate was tested in the EKR of rac-1d (N-butyl-phenothiazin-2-
yl-1-ethanol). The biocatalyst maintained its activity even after 10 cycles (30 min of reaction
time for each cycle), with an activity loss less than 3%, making it a promising candidate for the
continuous flow studies.

CalL-B was also immobilized through entrapment and adsorption methods into/onto PLA
and PV A nanofibers, obtained through electrospinning technique.

The obtained biocatalysts were tested in the EKR of rac-1-benzo[b]-thiophen-2-yl-ethanol
with vinyl acetate as acylating agent and n-hexane as solvent at 30 °C. Based on the obtained
results, the best performing biocatalyst based on PLA nanofibers was further tested in
recyclability experiments using 2 equiv. of vinyl acetate and a substrate:enzyme weight ratio of
8:1. Based on the promising results obtained in the batch system, this preparate was further used
in the continuous flow process. Two process parameters were studied: temperature (30-50 °C)
and flow rate (0.2-0.5 mL/min). Based on the obtained results, the conversion increases with the
temperature, reaching its maximum at 50 °C, when lower flow-rates were used (0.2-0.3
mL/min). The influence of flow-rate over reaction rate was also confirmed, the last one
decreasing by 18-28% with the increase of the flow-rate (0.4-0.5 mL/min).

29



7. References

1
2
3.
4.
5
6
7

8.

9.

10.
11.
12.
13.

14.
15.

16.

17.

18.
19.

20.

21.
22.

23.
24,
25.
26.
27.
28.

29.

. A. lllanes, A. Cauerhff, L. Wilson and G.R. Castro, Bioresour. Technol. 2012, 15, 48-57.
. A.Pellis, S. Cantone, C. Ebert and L. Gardossi, New Biotechnol. 2018, 40, 154-169.

R.A. Sheldon and J.M. Woodley, Chem. Rev. 2018, 118, 801-838.
G. Torrelo, U. Hanefeld and F. Hollmann, Catal. Lett. 2015, 145, 309—345.

. A.M. Klibanov, Nature 2001, 409, 241-246.

K.M. Keller and C.H. Wong, Nature 2001, 409, 232-240.

. A. Kamal, M.A. Azhor, T. Krishnaji, M.S. Malik and S. Azeeza, Coord. Chem. Rev. 2008,

252, 569-592.

V. Stepankova, S. Bidmanova, T. Koudelakova, Z. Prokop, J. Chaloupkova and J.
Damborsky, ACS Catal. 2013, 3, 2823-2836.

S. Riva, Exploiting Enzyme Chemoselectivity and Regioselectivity In Organic Synthesis with
Enzymes in Non-Aqueous Media, G. Carrea and S. Riva, Eds., Wiley: Hoboken, NJ, USA,
2008, pp. 146-167.

S. Datta, L.R. Christena and Y.R.S. Rajaram, Biotech. 2013, 3, 1-9.

D. Brady and A. Jordan, Biotechnol. Lett. 2009, 31, 1639-1650.

K. Popikova and I. Safarig, Carbohydr. Polym. 2013, 96, 545-548.

C. Pan, B. Hu, W. Li, Y. Sun, H. Ye and X. Zeng, J. Mol. Catal. B: Enzym. 2009, 61, 208—
215.

J. Xu, J. Sun, Y. Wong, J. Sheng, F. Wang and M. Sun, Molecules 2019, 19, 11465-11486.
T. Siédmiak, M. Ziegler-Borowska and M.P. Marszatt, J. Mol. Catal. B: Enzym. 2013, 94, 7—
14.

A. Sikora, D. Chetminiak-Dudkiewicz, T. Siodmiak, A. Tarczykowska, W.D. Sroka, M.
Ziegler-Borowska and M.P. Marszalt, J. Mol. Catal. B: Enzym. 2016, 134, 43-50.

J. Kress, R. Zanaletti, A. Amour, M. Ladlow, J.G. Frey and M. Bradley, Chem. Eur. J. 2002,
8, 3769-3772.

J.D. Cui, L.L. Li and H.J. Bian, PLoS One 2013, 8, e80581.

C.-G. Spelmezan, L.C. Bencze, G. Katona, F.D. Irimie, C. Paisz and M.l. Tosa, Molecules,
2020, 25(2), 350.

A. Rafique, K.M. Zia, M. Zuber, S. Tabasun and S. Rehman, Int. J. Biol. Macromol. 2016,
87, 141-154.

A. Cay, M. Miraftab and E.P.A. Kumbasar, Eur. Polym. J. 2014, 61, 253-262.

P.L. Séti, D. Weisser, T. Vigh, Z.K. Nagy, L. Poppe and G. Marosi, Bioprocess Biosyst. Eng.
2016, 39, 449-4509.

C.-G. Spelmezan, G. Katona, L.C. Bencze, C. Paisz and M.I. Tosa, RSC Reaction Chemistry
and Engineering, 2023, 8, 1109-1116.

C.-G. Spelmezan, A. Bacos and G. Katona, Studia UBB Chemia, 2023, LXVIII, 2, 53-71.
G.D. Yadav and A.H. Trivedi, Enzyme Microb. Technol. 2003, 32, 783-789.

R. Sharma, Y. Christi and U.C. Banerjee, Biotechnol. Adv. 2001, 19, 627-662.

P.C. de Jesus, M.C. Rezende and M. da Graga Nascimento, Tetrahydron: Asymmetry 1995, 6,
63-66.

C. Garcia-Golan, A. Berenguer-Murcia, R. Fernandez-Lafuente and R.C. Rodrigues, Adv.
Synth. Catal. 2011, 353, 2885-2904.

S.A. Costa, H.S. Azevedo and R.L. Reis, Enzyme immobilization in biodegradable polymer
for biomedical applications In Biodegradable systems in tissue engineering and regenerative

30



30.
31.

32.

33.

34.
35.

36.

37.
38.
39.
40.
41.
42.

43.

44,

45,

46.
47.
48.
49.

50.

51.
52.
53.

54,
55.

56.
S7.
58.

medicine, R.L. Reis and J.S. Roma, Eds., CRC Press LLC: Boca Raton, FL, USA, 2005, pp.:
301-323.

G. Taylor, Proc. R. Soc. Lond. A: Math. Phys. Eng. Sci. 1969, 313, 453-475.

D. Yi, T. Boyer, C.P.S. Badenhorst, S.Wu, M.Doerr, M. Héhne and U.T. Bornscheuer,
Chem. Soc. Rev. 2021, 50, 8003-8049.

E.L. Bell, W. Finnigan, S.P. France, A.P. Green, M.A. Hayes, L.J. Hepworth, S.L. Lovelock,
H. Niikura, S. Osuna, E. Romero, K.S. Ryan, N.J. Turner and S.L. Flitsch, Nat. Rev. Methods
Primers 2021, 1, 46.

A. Schmid, J.S. Dordick, B. Hauer, A. Keiner, M. Wubbolts and B. Witholt, Nature 2001,
409, 258-268.

U.T. Bornscheuer, Curr. Opin. Biotechnol. 2002, 13, 543-547.

A. Goswani and J.D. Stewart, Organic Synthesis Using Biocatalysts, Academic Press:
Amsterdam, The Neatherlands, 2016.

P. Reis, K. Holmberg, H. Watzke, M.E. Lesser and R. Miller, Adv. Colliod Interface Sci.
2009, 147-148, 237-250.

F.D. Irimie, Elemente de Biochimie, Erdelyi Hiradd: Cluj-Napoca, Romania, 1998.

E. Abahazi, Z. Boros, D. Lestal and L. Poppe, Molecules 2016, 21, 767.

M.T. Reetz, Curr. Opin. Chem. Biol. 2002, 6, 145-150.

K.-E. Jaeger and T. Eggert, Curr. Opin. Biotechnol. 2002, 13, 390-397.

R.D. Schmid and R. Verger, Angew. Chem. Int. Ed. Eng. 1998, 37, 1608-1633.

L.T. Kanerva and A. Liljeblad, Transesterification —Biological In Encyclopedia of Catalysis,
Wiley: Hoboken, NJ, USA, 2010.

A. Ghanem, Lipase-catalysed kinetic resolution of racemates: a versatile method for the
separation of enatiomers In Enantiomer Separation Fundamentals and Practical Methods, F.
Toda Ed., Springer: Dordrecht, The Neatherlands, 2004, pp.: 193-230.

A.L Dudu, M.A. Lacatus, L.C. Bencze, C. Paizs, M.I. Tosa, ACS Sustain. Chem. Eng. 2021,
9, 5461-5469.

M.A. Lacatus, A.L. Dudu, L.C. Bencze, G. Katona, F.-D. Irimie, C. Paizs, M.I. Tosa, ACS
Sustain. Chem. Eng. 2020, 8, 1611-1617.

K. Faber and S. Riva, Synthesis 1992, 10, 895-910.

V. Gotor-Fernéndez and R. Brieva, J. Mol. Catal. B: Enzym. 2006, 40, 111-120.

A. Mustranta, Appl. Microbiol. Biotechnol. 1992, 38, 61-66.

R.N. Patel, A. Banerjee, V. Nanduri, A. Goswani and F.T. Comezoglu, J. Am. Oil Chem. Soc.
2000, 77, 1015-1019.

M. Singh, S. Singh, R.S. Singh, Y. Christi and U.C. Banerjee, Bioresour. Technol. 2008, 99,
2116-2120.

H.V. Ferreira, L.C. Rocha, R.P. Severino and A.L.M. Porto, Molecules 2012, 17, 8955-8967.
V. Farina, J.T. Reeves, C.H. Senonoyoke and J.J. Song, Chem. Rev. 2006, 106, 2734-2793.
R.J. Kazlauskas, A.N.E. Weissfloch, A.T. Rappaport and L.A. Cuccia, J. Org. Chem. 1991,
56, 2656—2665.

Q. Jing and R.J. Kazlauskas, Chirality 2008, 20, 724—735.

M. Cygler, P. Grochulski, R.J. Kazlauskas, J.D. Schrog, F. Bouthillier, B. Rubin, A.N.
Serreqi and A.K. Gupta, J. Am. Chem. Soc. 1994, 116, 3180-3186.

N. Bashir, M.Saad and J.D. Bandaral, Int. J. Chem. Stud. 2020, 8, 254-261.

A. Homaei, Adv. Food Biotechnol. 2016, 1, 145-164.

B.C. Singh, Biotechnology expanding horizons, Kalyani Publishers: Ludhiana, India, 2010.

31



59
60

61.

62.
63.
64.

65.
66.
67.
68.

69.

70.

71.

72.
73.
74.

75.

76.
77.
78.
79.

80.
81.

82.
83.
84.
85.
86.
87.

88.

89.
90.

. S. Nisha, K.S.Arun and N. Gobi, Chem. Sci. Rev. Lett. 2012, 1, 148-155.

. A. Sharma, K.S. Thatai, T. Kuthiala, G. Singh and S.K. Arya, React. Funct. Polym. 2021,
167, 105005.

R. Torres, C. Mateo, M. Fuentes, J.M. Palomo, C.Ortiz, R. Fernandez-Lafuente, J.M. Guisan,
A. Tam and M. Daminati, Biotechnol. Prog. 2002, 18, 1221-1226.

K. Ovsejevi, C. Manta and F. Batista-Viera, Methods Mol. Biol. 2013, 1051, 89-116.

M. Sardar, 1. Ray and M.N. Gupta, Enzyme Microb. Technol. 2000, 27, 672—679.

E. Jones, K. McClean, S. Housden, G.Gasparini and I. Archer, Chem. Eng. Res. Des. 2012,
90, 726-731.

G. Jas, and A. Kirschning, Chem. Eur. J. 2003, 9, 5708-5723.

I. Es, J.D.G. Viera and A.C. Amaral, Appl. Microbiol. Biotechnol. 2015, 99, 2065-2082.
M.P. Kambleand G.D. Yadav, Ind. Eng. Chem. Res. 2017, 56, 1750-1757.

J.C. Thomas, B.B. Aggio, A.R.M. Oliveira and L. Piovan, Eur. J. Org. Chem. 2016, 36,
5964-5970.

. Itabaiana, L.S.M. Miranda and R.O.M.A. de Souza, J. Mol. Catal. B: Enzym. 2013, 85, 1-
9.

R.S. Keri, K. Chand, S. Budagumpi, S.B. Somappa, S.A. Patil and B.M. Nagaraja, Eur. J.
Med. Chem. 2017, 138, 1002-1033.

C.-H. Wu, L.-J. Bai, M.-H. Tsai, P.-C. Chu, C.-F. Chin, M.Y. Chen, S.-J. Chin, J.-H. Chiang
and J.-R. Weng, Sci. Rep. 2016, 27540.

A. Radadiya and A. Shah, Eur. J. Med. Chem. 2015, 97, 356-376.

S.G. Dastidar, J.E. Kristiansen, J. Molnar and L. Amaral, Antibiotics 2013, 2, 58-72.

J. Kostantinovi¢, M. Videnovi¢, J. Srbljanovi¢, O. Djurkovi¢-Djakovi¢, K. Bogojevi¢, R.
Sciotti and B. Solaja, Molecules 2017, 22, 343.

M.T. Chhabria, S. Patel, P. Modi and P.S. Brahmkshatriya, Curr. Top. Med. Chem. 2016, 16,
2841-2862.

S. Ali, W. Zafar, S. Shafig and M. Manzoor, Int. J. Sci. Technol. Res. 2017, 6, 64-72.

L. Cao, L. van Langen and R.A. Sheldon, Curr. Opin. Biotechnol. 2003, 14, 387-394.

A.A. Homaei, R. Sariri, F. Vianello and R. Stevanato, J. Chem. Biol. 2013, 6, 185-205.

B.P. Dwivedee, J. Bhaumik, S.K. Rai, J.K. Laha and U.C. Banerjee, Bioresour. Technol.
2017, 239, 464-471.

A.C. Mathpati, V.K. Vyas and B.M. Bhanage, J. Biotechnol. 2017, 262, 1-10.

P. Torres-Salas, A. del Monte-Martinez, B. Cutifio-Avila, B. Rodriguez-Colina, M. Alcalde,
A.O. Ballesteros and F.J. Plou, Adv. Mater. 2011, 23, 5275-5282.

P. Nicolas, V. Lassalle and M.L. Ferreiro, Bioprocess Biosyst. Eng. 2014, 37, 585-591.

Y.-C. Chang and D.-H. Chen, J. Colloid Interface Sci. 2005, 283, 446-451.

F.-L. Mi, S.-J. Wu and Y.-C. Chen, Carbohydr. Polym. 2015, 131, 255-263.

J. Wang, W. Xu, L. Chen, X. Huang and J. Liu, Chem. Eng. J. 2014, 251, 25-34.

S. Nasirimoghaddam, S. Zeinali and S. Sabbaghi, J. Ind. Eng. Chem. 2015, 27, 79-87.

X. Li, J. Wei, K.E. Aifantis, Y. Fan, Q. Feng, F.-Z. Cui and F. Watari, J. Biomed. Mater. Res.
2016, 104, 1285-1296.

S. Carregal-Romero, E. Caballero-Diaz, L. Bega, A.M. Abdelmonem, M. Ochs, D. Huhn,
B.S. Suau, M. Varcarcel and W.J. Parak, Annu. Rev. Anal. Chem. 2013, 6, 53-81.

M. Iranifam, Trend. Anal. Chem. 2013, 51, 51-70.

V. Zamora-Mora, P.1.P. Soares, C. Echeverria, R. Hernaandez and C. Mijangos, Gels 2015,
1, 69-80.

32



91. D. Rivera, A.J. Schupper, A. Bouras, M. Anastasiadou, I. Kleinberg, D.L. Kraitchman, A.A.
Haluri, R. Ivkov and C.G. Hadjipanoyis, Neurosurg. Clin. N. Am. 2023, 34, 269-283.

92. P.V. Finotelli, D. da Silva, M. sola-Penna, A.M. Rossi, M. Farina, L. Rodrigues-Andrade,
A.Y. Takeuchi and M.H. Rocha-Lead, Colloids Surf. B Biointerfaces 2010, 81, 206-211.

93. S. Siavashy, M. Sottani, F. Ghorbani-Bidkorbeh, N. Fallah, G. Farnam, S.A. Mortazavi, F.H.
Shirazin and Md.H.H. Hamedi, Carbohydr. Polym. 2021, 265, 118027.

94. T.N. Le, T.D. Tran and M.I. Kim, Nanomaterials 2020, 10, 92.

95. X. Wang, A. Deng, W. Cao, Q. Li, L. Wang, J. Zhou, B. Hu and X. Xing, J. Mater. Sci.
2018, 53, 6433-6449.

96. H. Veisi, S. Najafi and S. Hemmati, Int. J. Biol. Macromol. 2018, 113, 186-194.

97. C. Paizs, M.I. Tosa, V. Bodai, G. Szakacs, I. Kmecz, B. Siméandi, C. Majdik, L. Novak, F.-D.
Irimie and L. Poppe, Tetrahedron Asymmetry 2003, 14, 1943-1949.

98. M.I. Tosa, S. Pilbak, P. Moldovan, C. Paizs, G. Szatzker, G. Szakacs, L. Novak, F.-D. Irimie
and L.Poppe, Tetrahedron Asymmetry 2008, 19, 1844-1852.

99.J. Brem, M.-I. Tosa, C. Paizs, A. Munceanu, D. Matcovié-Calogovi¢ and F.-D. Irimie,
Tetrahedron Asymmetry 2010, 21, 1993-1998.

100. J. Brem, S. Pilbak, C. Paizs, G. Bandczi, F.-D. Irimie, M.-I. Tosa and L. Poppe,
Tetrahedron Asymmetry 2011, 22, 916-923.

101. J. Zheng, X. Fu, X. Ying, Y. Zhang and Z. Wang, Anal. Biochem. 2014, 452, 13-15.
102. V. Pace, J.V. Sinisterra and A.R. Alcantara, Curr. Org. Chem. 2010, 14, 2384-2408.
103.C. Ortiz, M.L Ferreira, O. Barbosa, J.C.S. dos Santos, R.C. Rodrigues, A. Berenguer-
Murcia, L.E. Briand and R. Fernandez-Lafuente, Catal. Sci. Technol. 2019, 9, 2380-2420.
104.R. Asmatulu and W.S. Khan, Historical background of the electrospinning process In
Synthesis and Applications of Electrospun Nanofibers, Elsevier: Amsterdam, The
Neatherlands, 2019, Chapter 2, pp.: 17-39.

105.T. Subbiah, G.S. Bhat, R.W. Tack, S. Parameswaran and S.S. Ramkumar, J. Appl. Polym.
Sci. 2005, 96, 557-569.

106. M. Farockhi, F. Mottaghitalab, R.L. Reis, S. Ramakirishna and S.C. Kundu, J. Control.
Release 2020, 321, 324-347.

107.D.H. Reneker and 1. Chun, Nanotechnol. 1996, 7, 216-223.

108.W. Zhang, Z. He, Y. Han, Q. Jiang, C. Zhan, K. Zhang, Z. Li and R. Zhang, Compos. Part
A: Appl. Sci. Manuf. 2020, 137, 106009.

109.L.Y. Yeo and J.R. Fried, J. Exp. Nanosci. 2006, 1, 177-209.

110.P.K. Baumgarthen, J. Colloid Interface Sci. 1971, 36, 71-79.

111. A. Kakoria, S. Sinho-Ray and S. Sinho-Ray, Polymer 2021, 213, 123333.

112. AM. Al-Enizi, M.M. El-Halwany, S.F. Shaikh, B. Pandit and A. Yousef, Arab. J. Chem.
2022, 15, 104207.

113. M. Dehghani, M. Naseri, H. Nadeem, M.M.B. Holl and W. Batchelor, J. Environ. Chem.
Eng. 2022, 10, 108686.

114.A. Detsi, E. Kavetsou, I. Kostopoulou, 1. Pitterou, A.R.N. Pontilo, A. Tzani, P.
Christodoulou, A. Siliachi and P. Zoumpoulakis, Pharmaceutics 2020, 12, 669.

115.F. Tao, Y. Chen, X. Shi, H. Zhang, Y. Du, W. Xiang and H. Deng, Carbohydr. Polym.
2020, 230, 115658.

116.Md.M. Islam, Md. Shahruzzaman, S. Biswas, Md.N. Sakib and T.U. Rashid, Bioact. Mater.
2020, 5, 164-183.

33



117.S.B. Qasim, M.S. Zafar, S. Najeeb, Z. Khurshid, A.H. Shah, S. Husain and I.U. Rehman,
Int. J. Mol. Sci. 2018, 19, 407.

118.S.S. Narasagoudr, V.G. Hedge, R.B. Chougale, S.P. Masti, S. Vootla and R.B. Malabati,
Food Hydrocoll. 2020, 109, 106096.

119. X. Chen, B. Lu, D. Zhou, M. Shao, W. Xu and Y. Zhou, Int. J. Biol. Macromol. 2020, 155,
903-910.

120. K. Srisawat, W. Harnnarongchai, C. Sirisinha and K. Sirisinha, Mater. Today: Proc. 2023,
77,1127-1131.

121.R. Ma, S. Wang, L. Ma, B. Li, Y. Hu, L. Zhang, L. Liu, J. Ma, Y. Fan, J. Yu and Z. Wang,
Ind. Crops Prod. 2022, 186, 115217.

122.J.T. Orasugh, C. Pal, A.P. Samanta and D. Chattopadhhay, Encyclopedia of Materials:
Plastics and Polymers, Elsevier: Amsterdam, The Neatherlands, 2022, VVolume 4, pp.: 837—
859.

123.S. Jang, E.M. Go, J.-K. Kim, S.K. Kwak and J. Jin, Compos. Part B. Eng. 2022, 247,
110353.

124.M.B. Gelb, A. Punia, S. Sellers, P. Kadakia, J.D. Ormes, N.N. Khawaja, J. Wylie and M.S.
Lamm, J. Drug Deliv. Sci. Tec. 2022, 68, 103112.

125.A. Amani, S.T. Kalajahi, F. Yazdin, S. Mirzababaei, H. Rashedi, M.A. Famarazi and M.
Vahidi, Biotechnol. Prog. 2022, 38, e3282.

126.Q. Wu, P. Soni and M. T. Reetz, J. Am. Chem. Soc. 2013, 135, 1872-1881.

127.A. Liese, K. Seelbach, A. Buchholz and J. Haberland, Industrial Biotransformations, 2nd
ed., Wiley-VCH: Weinheim, Germany, 2006, pp.: 273-315.

128. A. Basso and S. Serban, Mol. Catal. 2019, 479, 110607.

129.E.M. Anderson, K.M. Larsson and O. Kirk, Biocatal. Biotransformation 1998, 16, 181-204.

130. A.D. Mosnaim, V.V. Ranade, M.E. Wolf, J. Puente and M.A. Valenzuela, Am. J. Ther.
2006, 1, 261-273.

131. M.K. Sharma, J. Machhi, P. Murumkar and M.R. Yadav, Sci. Rep. 2018, 8, 1650.

132. M. Yuksel, K. Biberoglu, S. Onder, K.G. Akbulut and O. Tacol, Biochimie 2017, 138, 82—
89.

133.J. Wang, Q. Niu, T. Wei, T.D. Li, T. Hu, J. Chen, X. Qin, Q. Yang and L. Yang,
Microchem. J. 2020, 157, 104990.

134.J. Wang, Q. Niu, T. Hu, T. Li and T. Wei, J. Photochem. Photobiol. A: Chem. 2019, 348,
112036.

135.T. Siédmiak, G.G. Haraldsson, J. Duleba, M. Ziegler-Borowska, J. Siémiak and M.P.
Marzsatt, Catalysts 2020, 10, 876.

136.D. Balogh-Weiser, C. Németh, F. Ender, B. Gyarmati, A. Szildgyi and L. Poppe,
Electrospun Nanofibers for Entrapment of Biomolecules, Electrospinning Method Used to
Create Functional Nanocomposites Films, 1st ed.; T.A. Tanski, P. Jarka and W. Matysiak
Eds., IntechOpen: London, UK, 2018.

137.A. Paiva, R. Caraveiro, I. Aroso, M. Martins, R.L. Reis and A.R.C. Duarte, ACS Sustain.
Chem. Eng. 2014, 2, 1036-1071.

138.J. Zdarta, A.S. Meyer, T. Jesionowski and M. Pinelo, Catalysts 2018, 8, 92.

139.A.H. Rather, R.S. Khan, T.U. Wani, M.A. Beight and F.A. Sheikh, Biotechnol. Bioeng.
2022, 119, 9-33.

140.P.H. Foroushani, E. Rahmani, I. Alemzadeh, M. Vossoughi, M. Pourmadadi, A. Rahda and
A.M. Diez-Pascual, Nanomaterials 2022, 12, 3426.

34



141.J.-H. Lin, B.-C. Shin, P.-W. Hsu, C.-W. Lou and J.-H. Lou, Polymers 2022, 14, 4470.

142.J. Wu, Q. Li, G. Su, R. Luo, D. Du, L. Xie, Z. Tang, J. Yan, J. Zhou, S. Wang and K. Xu,
Cellulose 2022, 29, 5745-5763.

143.Z. Vargas-Osorio, F. Ruther, S. Chen, S.Sengupta, L. Liverani, M. Michalek, D. galusek and
A.R. Boccaccini, Biomed. Mater. 2022, 17, 045019.

144.V. Koniienko, Y. Husak, J. Radwan-Pragtowska, V. Holubnycha, Y. Samokhin, A.
Yanovska, J. Varava, K. Diedkova, L. Janus and M. Pogorielov, Molecules 2022, 27, 3343.
145.V. Chauhan, D. Khaushal, V.K. Dhiman, S.S. Kanwar, D. Singh, V.K. Dhiman and H.

Pandey, Front. Bioeng. Biotechnol. 2021, 10, 794411.

146.N. Chuaponpat, T. Ueda, A. Ishigami, T. Kurose and H. Ito, Polymers 2020, 12, 1083.

147.K.H. Lam, A.J. Nijenhuis, H. Bartels, A.R. Postema, M.F. Jonkman, A.J. Pennings and P.
Nieuwenhuis, J. Appl. Biomater. 1995, 6, 191-197.

148.M.S. Mohammadi, M.N. Bureau and S.N. Nazhat, Polylactic Acid (PLA) Biomedical Foams
for Tissue Enginnering In Biomedical Foams for Tissue Engineering, Woodhead Publishing:
Cambridge, UK, 2014, pp.: 313-334.

149.J.M. Lowen and J.K. Leach, Adv. Funct. Mater. 2020, 30, 1909089.

150.J. Ou, K. Liu, J. Jiang, D.A. Wilson, L. Liu, F. Wang, S. Wang, Y. Tu and F. Peng, Small
2020, 16, 1906184.

151.J.-C. Park, T. Ito, K.-O. Kim, K.-W. Kim, B.-S. Kim, M.-S. Khil, H.-Y. Kim and I.-S. Kim,
Polym. J. 2010, 42, 273-276.

152. A. Kumar and S.S. Han, Int. J. Polym. Mater. Polym. Biomater. 2017, 66, 159-182.

153. A.M. Isloor, B. Kalluraya and K.S. Pai, Eur. J. Med. Chem. 2010, 45, 825-830.

154.C. Bai, S. Ren, S. Wu, M. Zhu, G. Luo and H. Xiang, Eur. J. Med. Chem. 2021, 221,
113543.

155. M. Seethaler, T. Hertlein, E. Hopke, P. Kohling, K. Ohlsen, M. Lalk and A. Hilgeroth,
Pharmaceuticals 2022, 15, 1138.

156.J.H. Bartha-Vari, M.-1. Tosa, F.-D. Irimie, D. Weisser, Z. Boros, B.G. Vértessy, C. Paizs
and L. Poppe, ChemCatChem 2015, 7, 1122-1128.

157. M. Ziegler-Borowska, D. Chelminiak, T. Si6édmiak, A. Sikora amd H.K. Marszalt, Mater.
Lett. 2014, 132, 63-65.

158.N.G. Kandile and H.M. Mohamed, Int. J. Biol. Macromol. 2019, 122, 578-586.

159.C. Liu, D. Saeki and H. Matsuyama, RSC. Adv. 2017, 7, 48199-48207.

160.A.C. Alavarse, F.W. de Oliveira Silva, J.T. Colque, V.M. Da silva, T. Prieto, E.C. Venancio
and J.J. Bonvent, Mater. Sci. Eng. C 2017, 77, 271-281.

161.N.R. Mohamad, N.H.C. Marzuki, N.A. Buang, F. Huyop and R.A. Wahab, Biotechnol.
Biotechnol. Equip. 2015, 29, 205-220.

35



