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A B S T R A C T

Animal liver microsomes are a rich source of carboxylesterases with potential for biocatalytic applications. 
However, their instability and difficulty in reuse limit their practical application. This study investigates the 
immobilization of animal liver microsomes from four species Mus musculus (house mouse), Sus scrofa (wild boar), 
Dama dama (fallow deer), and Capreolus capreolus (roe deer) on Perloza MG microparticles for enhanced stability 
and reusability. Immobilization significantly improved the stability and pH tolerance of the microsomes, 
particularly those from D. dama, maintaining esterase activity across a broad pH range (5–9) and enabling the 
reusability over ten consecutive cycles. The immobilized D. dama microsomes were successfully employed in a 
preparative-scale chemo-enzymatic synthesis of a cyclophilin D inhibitor, achieving a total reaction yield of 68% 
with 98% final product purity, demonstrating their potential for sustainable organic synthesis.

1. Introduction

Chemical synthesis and enzymatic catalysis, while historically 
considered distinct scientific disciplines, have become increasingly 
intertwined in recent decades [1–3]. Enzymes are now recognized as 
valuable tools in synthetic chemistry [4], the food industry [5], and the 
pharmaceutical industry [6]. Shaped by millions of years of evolution, 
these natural biocatalysts possess an impressive arsenal of highly spe
cific chemical reactions, providing an exemplary means to synthesize 
complex structures with high regio- and stereoselectivity [7]. Enzymatic 
processes are typically conducted under mild conditions (near ambient 
temperature, atmospheric pressure, and physiological pH) in aqueous 
media, exhibiting high reaction rates and selectivities. Furthermore, the 

use of enzymes often obviates the need for functional group protection 
and/or activation, leading to more step-economical, less wasteful, and 
more energy-efficient synthetic routes compared to conventional 
organic syntheses [7–9]. Consequently, enzymatic processes offer a 
more environmentally friendly, cost-effective, and ultimately more 
sustainable approach to chemical synthesis. These attributes make en
zymes particularly attractive for targeting compounds that present sig
nificant synthetic challenges due to their complex structure or inherent 
instability.

Mammalian carboxylesterases (CES, E.C. 3.1.1.1) constitute a well- 
conserved multi-gene enzyme family. Based on amino acid sequence 
homology, five CES families (CES1–CES5) have been identified, with 
most mammalian CES enzymes belonging to the CES1 and CES2 families 
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[10,11]. CES1 enzymes typically prefer esters with large, bulky acyl 
groups and small alcohol moieties, whereas CES2 enzymes generally 
prefer substrates with small acyl groups and larger alcohol moieties. CES 
enzymes are expressed in a wide range of tissues, with the highest 
expression levels observed in the liver and small intestine, highlighting 
their importance in first-pass metabolism [12]. These enzymes are 
characterized by broad substrate specificity and are primarily localized 
to the smooth endoplasmic reticulum (ER) membrane. Therefore, liver 
microsomes, heterogeneous vesicle-like artifacts derived from frag
mented smooth ER membranes following cell lysis [13], represent a rich 
source of CES enzymes relevant to the synthesis of potential 
pharmaceuticals.

Animal liver and small intestine tissues are the richest sources of 
xenobiotically active enzymes. Microsomes derived from these tissues 
are readily commercially available from various animal (e.g., mouse, 
rat, pig, monkey, guinea pig, or dog) and also human sources [14], 
making their use for biocatalysis a relatively cost-effective approach 
compared to isolating and purifying individual enzymes or using re
combinant enzymes produced via molecular biology techniques. 
Furthermore, there are fewer ethical concerns associated with obtaining 
microsomes from animal internal organs, especially considering that 
these are often considered waste products. However, the use of free 
microsomes is often hampered by their inherent instability and chal
lenges in recovery and reuse. Immobilization of microsomes onto solid 
supports offers a promising strategy to mitigate these limitations. 
Immobilization can enhance enzyme stability against denaturation and 
proteolysis, facilitate enzyme recovery and reuse, and enable 
continuous-flow processing. The choice of support material is crucial for 
successful immobilization, as it influences enzyme binding, activity 
retention, and overall biocatalyst performance [1,15].

This study aims to demonstrate the feasibility of employing animal 
liver microsomal CES as sustainable, cost-effective, and environmentally 
friendly biocatalysts within chemo-enzymatic synthesis strategies for 
novel drug discovery. To this end, the immobilization of microsomes on 
various types of magnetic microparticles (porous and non-porous) was 
investigated to develop a long-term stable and fully reusable system for 
ester hydrolysis.

2. Material and methods

2.1. Reagents

SuperFine Perloza microparticles (diameter 30–50 µm) were pur
chased from Perloza Ltd. (Czech Republic). SiMAG-COOH microparti
cles (1 µm) were purchased from Chemicell (Germany). p-nitrophenyl 
acetate (pNP-acetate) and p-nitrophenyl butyrate (pNP-butyrate) were 
purchased from Activate Scientific (Germany). Other studied esters were 
synthesized in-house from p-nitrophenol (pNP) and p-nitrobenzoic acid 
(pNBA) purchased from Merck (USA). Phosphate-buffered saline (PBS), 
acetonitrile, heptane, ethyl acetate, dichloromethane, methanol, 
ethanol, butan-1-ol, dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), 
triethylamine, acetic anhydride, iodine, imidazole, formic acid (FA), 
Triton X-100, and bovine serum albumin (BSA) were purchased from 
Merck (USA).

2.2. Animal liver tissue

Liver tissue was obtained from adult mice (Mus musculus, Mm), ju
venile fallow deer (Dama dama, Dd), adult wild boar (Sus scrofa, Ss), and 
adult roe deer (Capreolus capreolus, Cc). Mm liver tissue was sourced 
from the control group of a separate study investigating oxime phar
macokinetics, conducted in accordance with relevant ethical guidelines. 
Liver samples from Dd, Ss, and Cc were collected post-mortem during 
regular hunting activities organized by the MS Libeňské údolí Habřina 
hunting club, in compliance with all applicable Czech hunting laws and 
regulations [16,17]. Collected liver tissue samples were stored at − 80 ◦C 

until use. No animals were sacrificed specifically for this study.

2.3. Synthesis of p-nitrophenyl and p-nitrobenzoate esters

p-Nitrophenyl propionate (pNP-propionate), methyl p-nitrobenzoate 
(methyl-pNBA), ethyl p-nitrobenzoate (ethyl-pNBA), isopropyl p-nitro
benzoate (isopropyl-pNBA), and n-butyl p-nitrobenzoate (n-butyl-pNBA) 
were synthesized using a Garegg-Samuelsson procedure [18]. Under a 
nitrogen atmosphere, the carboxylic acid (50 mg, 1 eq.), imidazole (67 
mg, 3.3 eq.), iodine (114 mg, 1.5 eq.), and triphenylphosphine (118 mg, 
1.5 eq.) were dissolved in anhydrous dichloromethane (5 mL). After 
stirring for 5 min at room temperature, the corresponding alcohol (1.5 
eq.) was added. The reaction mixture was stirred for 24 h at 20 ◦C under 
a nitrogen atmosphere. The solvent was then removed under reduced 
pressure, and the resulting residue was purified by silica gel column 
chromatography using a heptane/ethyl acetate mixture (9:1 v/v) as the 
eluent. The identity and purity of the synthesized esters were confirmed 
by Ultra-High Performance Liquid Chromatography (UHPLC), Fourier 
Transform Infrared spectroscopy (FT-IR), and Nuclear Magnetic Reso
nance (NMR). For more details see Supplementary Material.

2.4. Microsomal fraction preparation

Animal liver microsomal fractions were prepared using a modified 
method based on Skarydova et al. [19]. Liver tissue was pooled from 
three individuals of each species. Four grams of liver tissue were ho
mogenized with 4 g of yttria-stabilized zirconia beads (YSZ beads) in 8 
mL of PBS (pH 7.4) using an MP Bio FastPrep-24™ classic bead beating 
grinder and lysis system (3 cycles of 30 s at 6.0 m/s). The homogenate 
was then subjected to a series of centrifugation steps. Initially, the ho
mogenate was centrifuged at 5,000 × g for 20 min at 4 ◦C to pellet 
connective tissue, cell debris, and nuclei. The resulting supernatant, 
containing cytoplasmic and vesicular fractions, was collected and sub
sequently centrifuged at 25,000 × g for 60 min at 4 ◦C to sediment 
mitochondria. The supernatant from this step was then ultracentrifuged 
using Sorvall WX 80 + Ultracentrifuge (Thermo Scientific, USA) at 
105,000 × g for 65 min at 4 ◦C to obtain the microsomal pellet. This 
pellet was washed several times with PBS (pH 7.4) to remove residual 
cytosolic components and finally resuspended in 5 mL of PBS (pH 7.4). 
Protein concentration was determined using a linearized Bradford assay 
[20] with a BSA standard curve in the range of 10 to 500 µg/mL. The 
prepared microsomal fractions were stored at − 80 ◦C until use.

2.5. Immobilization of microsomes on magnetic microparticles

Perloza MG microparticles (500 µL) and SiMAG-COOH microparti
cles (1 mg) were initially washed sequentially with ultrapure water and 
a 100 mM EDTA solution (pH 8.0) to remove potential metal contami
nants. Subsequently, the particles were washed extensively with ultra
pure water and then progressively with anhydrous acetonitrile. 
Activation of both microparticle types was performed using a 0.2 M 
solution of N,N’-disuccinimidyl carbonate (DSC) in anhydrous acetoni
trile for 2 h at 20 ◦C [21]. Following activation, the particles were 
washed extensively with anhydrous acetonitrile and then briefly with 
ice-cold ultrapure water. Animal liver microsomes in PBS (pH 7.4) were 
then added to the microparticle suspensions to achieve a protein-to- 
particle ratio of 5 mg/mL for Perloza MG and 5 mg/mg for SiMAG- 
COOH. The resulting suspensions were incubated for 2 h at 4 ◦C. 
Finally, the particles were washed extensively with PBS (pH 7.4) and 
resuspended to a final concentration of 1 mL/mL for Perloza MG and 1 
mg/mL for SiMAG-COOH. Recovered activity (%) was determined as the 
final activity of the immobilized microsomes compared to the original 
activity of the animal liver microsomes before immobilization.
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2.6. Determination of microsomal esterase activity

For activity assays, 10 µL of microsomal fraction (final protein con
centration c = 1 µg/mL) or 10 µL of Perloza MG-microsomes (corre
sponding to 1 µg/mL of free microsomal protein) or 10 µL of SiMAG- 
microsomes (corresponding to 1 µg/mL of free microsomal protein) 
were added to 300 µM solutions of the tested esters (pNP-acetate, pNP- 
propionate, pNP-butyrate, methyl-pNBA, ethyl-pNBA, isopropyl-pNBA, 
n-butyl-pNBA, and compound 3) in PBS (pH 7.4) to a final volume of 
100 µL. The reaction mixtures were incubated at 37 ◦C under agitation 
for 30 min (pNP-esters), 60 min (pNBA-esters), or 360 min (compound 
3). The enzymatic reaction was quenched by the addition of 200 µL of a 
methanol/acetonitrile mixture (1:1 v/v) containing 0.1% formic acid. 
Precipitated proteins were then pelleted by centrifugation at 25,000 × g. 
The amount of formed product was quantified using an Agilent Infinity 
1260 high-performance liquid chromatography system coupled with a 
diode array detector (HPLC-DAD) and a Zorbax Eclipse RRHD C18 col
umn (50 × 3.0 mm, 1.8 µm). The gradient elution with mobile phase 
consisted of 5 mM sodium formate with 0.1 % formic acid (A) and 
acetonitrile/methanol (1:1 v/v) with 0.1% formic acid (B) was used. 
Metabolites were quantified by monitoring absorbance at 316 nm (pNP- 
esters), 265 nm (pNBA-esters), and 280 nm (compound 3). Specific ac
tivity was calculated as millimoles of product formed per milligram of 
microsomal protein per minute.

2.7. Perloza MG-Dd microsomes storage stability

The stability of Perloza MG-Dd microsomes and free forms of Dd 
microsomes was determined by microsomal activity assay (Section 2.6) 
after 1, 4, 6, 14, 21, and 28 days of storage. Perloza MG-microsomes, as 
well as free microsomes, were stored in a refrigerator at 4 ◦C or room 
temperature (20 ◦C). Prior to determining the activity of Perloza MG- 
microsomes, the microparticle suspension was always washed with 
PBS buffer (pH 7.4) to remove any leaked protein or microsomal 
fragment.

2.8. Reusability of Perloza MG-Dd microsomes

The reusability of Perloza MG-Dd microsomes was assessed by 
measuring its activity using the microsomal activity assay (Section 2.6) 
for ten consecutive reaction cycles. Following each activity assay, Per
loza MG-Dd microsomes were magnetically separated from the reaction 
mixture and washed five times with PBS (pH 7.4) before being subjected 
to the subsequent activity assay.

2.9. Perloza MG microparticles regeneration

Perloza MG-Dd microsomes were washed extensively with ultrapure 
water and subsequently incubated with 0.5 M sodium hydroxide at 60 ◦C 
for 15 h to detach the immobilized microsomes. The particles were then 
washed extensively with ultrapure water and reused for a subsequent 
immobilization procedure (Section 2.5). The activity of both the re
generated particles and the supernatant containing the detached mi
crosomes was determined using the microsomal activity assay (Section 
2.6).

2.10. Chemo-enzymatic synthesis

2.10.1. Chemical synthesis
2-((4-nitrobenzyl)amino)acetonitrile (2): 4-Nitrobenzylamine hy

drochloride 1 (600 mg, 1 eq.) was dissolved in 8.6 mL of acetonitrile, 
then diisopropylethylamine (3.3 mL, 6 eq.) was added and the mixture 
was stirred for 15 min at 20 ◦C. Then, chloroacetonitrile (0.4 mL, 2 eq.) 
was added and the reaction mixture was stirred overnight at 70 ◦C [22]. 
After the completion of the reaction, the mixture was concentrated and 
diluted with dichloromethane. The organic phase was washed with 

saturated aq. sodium bicarbonate and brine, then dried over anhydrous 
sodium sulphate, filtered, and concentrated. The concentrated mixture 
was purified by preparative column chromatography on silica gel 60 
(70–230 mesh, 63–200 μm, 60 Å pore size) using a heptane/ethyl ace
tate mixture as the eluent (2:1 v/v) yielding the amine 2 as orange 
crystals.

ethyl ((cyanomethyl)(4-nitrobenzyl)carbamoyl)glycinate (3): The 
amine 2 (286 mg, 1 eq.) was dissolved in 4.8 mL of DCM, then ethyl 
isocyanatoacetate (0.33 mL, 1.5 eq.) was added and the mixture was 
stirred overnight at 20 ◦C [22]. After the completion of the reaction, the 
mixture was concentrated and diluted with dichloromethane. The 
organic phase was washed with water and brine, then dried over 
anhydrous sodium sulphate, filtered, and concentrated. The concen
trated mixture was purified by preparative column chromatography on 
silica gel 60 (70–230 mesh, 63–200 μm, 60 Å pore size) using a 
dichloromethane/ethyl acetate mixture as the eluent (gradient from 
20:1 up to 5:1 v/v) yielding the urea 3 as a yellow amorphous solid.

((cyanomethyl)((4-nitrophenyl)methyl)carbamamido)acetic acid 
(4): The ethyl ester 3 (50 mg, 1 eq) was dissolved in THF:MeOH:H2O 
(2:1:1 (v/v) mixture), then LiOH•H20 (32.8 mg, 5 eq) was added and the 
mixture was stirred for 2 h at 20 ◦C [23]. After this time, the mixture was 
concentrated and diluted with DCM. The organic phase was washed with 
H2O. The aqueous phase was treated with HCl (1 M aq.) until an acidic 
pH was reached and then extracted several times with ethyl acetate. The 
combined organic phases were washed with brine, then dried over 
Na2SO4, filtered, and concentrated. Purification by column chromatog
raphy on silica using dichloromethane/ethanol mixture as an eluent (1/ 
1) yielded the by-product 5 as a brown oil (41.7 mg, 91%).

2.10.2. Enzymatic synthesis

2.10.2.1. Immobilized microsomes. Compound 3 (25 mg) was resus
pended in 25 mL of PBS (pH 5.5) and incubated with 5 mL of Perloza 
MG-Dd microsomes (corresponding to 5 mg of microsomal protein) for 
96 h at 20 ◦C. The Perloza MG-Dd microsomes were then magnetically 
separated from the reaction mixture, and the supernatant was acidified 
with formic acid (0.1% final concentration). Subsequently, the super
natant was extracted with ethyl acetate using liquid–liquid extraction, 
and the organic phase was dried under a vacuum. Following extraction, 
product 4 was further purified by flash column chromatography using 
Pure C-815 Flash system (BÜCHI Labortechnik AG, Flawil, Switzerland) 
using a FlashPure BÜCHI Silica 40 µm column (40 g) at a flow rate of 40 
mL/min. Gradient elution was performed using a mobile phase from 3% 
to 100% of an ethyl acetate/methanol mixture (1:1 v/v).

2.10.2.2. Tissue homogenates. Compound 3 (25 mg) was resuspended in 
10.5 mL of PBS (pH 5.5) and incubated with 4.5 mL of Dd liver tissue 
homogenate (25 mg/mL final protein concentration) for 48 h at 20 ◦C. 
The reaction was acidified with formic acid (0.1% final concentration) 
and extracted with ethyl acetate using liquid–liquid extraction. The 
organic phase was collected and dried under a vacuum. The final 
product 4 was further purified by flash column chromatography using 
Pure C-815 Flash system (BÜCHI Labortechnik AG, Flawil, Switzerland) 
using a FlashPure BÜCHI Silica 40 µm column (40 g) at a flow rate of 40 
mL/min. Gradient elution was performed using a mobile phase from 3% 
to 100% of an ethyl acetate/methanol mixture (1:1 v/v).

2.11. Data visualization

Data visualization and analysis were performed using Python 3.12, 
incorporating the following libraries: Matplotlib 3.9.2 for plotting, 
Numpy 2.1.2 for numerical computation, Pandas 2.2.3 for data manip
ulation, and Scipy 1.14.1 for scientific computing.
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3. Results and discussion

Although enzyme engineering plays a crucial role in tailoring bio
catalysts for specific industrial needs, the use of naturally occurring 
enzymes in sustainable organic synthesis remains a highly relevant area 
of research. Given the widespread occurrence of esters in drug molecules 
and their frequent use as protecting groups in organic synthesis, ester
ases represent a particularly valuable class of enzymes. Consequently, 
investigating the biocatalytic potential of microsomal esterases from 
natural, renewable sources is of considerable interest for the develop
ment of efficient and environmentally friendly chemo-enzymatic routes 
in drug discovery and synthesis.

3.1. Interspecies variation of mammalian liver microsomes

Hepatic tissue is a primary site of xenobiotic metabolism in living 
organisms, containing a diverse array of enzymes responsible for the 
biotransformation of foreign compounds, including CES. Therefore, 
hepatic microsomal fractions from different species, enriched in these 
enzymes, were selected for this study. This approach allows for the 
investigation of interspecies variations in biotransformation activity, 
which is crucial for identifying eligible animal sources suitable for 
chemo-enzymatic synthesis. Hepatic microsomal fractions from four 
mammalian species representing both omnivorous and herbivorous 
diets were investigated: Mus musculus (house mouse, omnivore, Mm), 
Sus scrofa (wild boar, omnivore, Ss), Dama dama (fallow deer, herbivore, 
Dd), and Capreolus capreolus (roe deer, herbivore, Cc). These species 
were selected based on both dietary habits and availability: the mouse is 
a common laboratory model, and wild boar (alternatively domesticated 
pig as a widely farmed species), roe deer, and fallow deer are commonly 
encountered and most hunted wild species in Central Europe [24,25]. 
All microsomal fractions were prepared using a modified method based 
on Skarydova et al. [19] (Section2.4). Protein concentrations in each 
microsomal fraction were determined using the linearized Bradford 
assay [20] and esterase activities were determined by incubation with 
300 µM pNP-butyrate as a well-established model substrate for esterase 
assays (Section 2.6) [26]. Significant interspecies differences in hepatic 
protein content and esterase activity were observed (Table 1). Specif
ically, Mm and Dd exhibited significantly higher esterase activity 
compared to Ss and Cc, with approximately 10-fold higher activity. 
These differences can be attributed to a combination of genetic and 
physiological variations. Genetic variations, such as small changes in 
amino acid sequences, can lead to profound differences in enzyme ac
tivity. Physiological variations, including age, sex, environmental fac
tors, body weight, and the body weight to liver weight ratio, can also 
influence the relative amount of metabolically active enzymes. The 
higher liver weight to body weight ratio typically observed in juveniles 
and smaller animals like Mm may also play a role [27]. Furthermore, 
hepatic protein concentrations can be influenced by environmental 
conditions and individual variability [28,29].

3.2. Microsomes immobilization and stability

3.2.1. Selection of magnetic microparticles for microsomes immobilization
Particle properties, including size, porosity, hydrophilicity, and 

surface charge, are critical parameters influencing immobilization suc
cess and resulting enzyme activity [15]. Two types of magnetic micro
particles were evaluated for microsome immobilization: non-porous 
SiMAG-COOH (1 µm diameter) and porous Perloza MG Superfine 
(30–50 µm diameter). Both particle types were activated with DSC using 
a single-step protocol, enabling microsome immobilization via amino, 
hydroxyl, or thiol groups on the protein surfaces [21]. Successful mi
crosomes immobilization on the surface of tested microparticles for all 
animal species was confirmed by measuring the decrease in protein 
concentration in the original microsomal suspension and by determining 
the recovered esterase activity of the immobilized microsomes and the 
remaining microsomal esterase activity in the sample after immobili
zation. Due to their smaller diameter and consequently larger specific 
surface area, SiMAG-COOH particles exhibited a slightly higher recov
ered esterase activity (approximately 40 % of the initial esterase activ
ity). However, their small size also resulted in significantly slower 
magnetic separation and, more importantly, pronounced agglomeration. 
This agglomeration, likely caused by particle–particle interactions and 
exacerbated by biomolecule binding [30], significantly reduces the 
functional surface area available for ester-substrates hydrolysis. 
Agglomeration persisted even in the presence of non-ionic detergent 
Triton X-100. In contrast, the larger, porous Perloza MG particles 
exhibited considerably faster magnetic separation and remained well- 
dispersed, showing no signs of agglomeration. Therefore, Perloza MG 
was selected for further immobilization studies and characterization of 
animal liver microsomes. Protein loading on Perloza MG microparticles 
ranged from 200 to 900 µg per milliliter of particle slurry (Mm: 208 ±
69 µg/mL, Ss: 333 ± 23 µg/mL, Dd: 949 ± 281 µg/mL, Cc: 212 ± 102 
µg/mL), with recovered esterase activity of approximately 25% of the 
initial esterase activity for all species with only small variability (Fig. 1).

The successful microsomes immobilization was further confirmed by 
analysis of the surface morphology of unmodified Perloza MG particles 
and Perloza MG-Dd microsomes using a scanning electron microscope 
(Fig. 2). SEM imaging revealed a distinct difference in particle surface 
texture, with lipo-proteinaceous mass visible on the particles after Dd 
microsomes immobilization (Fig. 2B). This observation provides direct 
morphological evidence of microsomes immobilization.

3.2.2. Perloza MG-microsomes pH stability
Since pH significantly influences enzyme activity, its effect on the 

Table 1 
Protein concentration of animal liver microsomal fractions and their corre
sponding specific esterase activities towards pNP-butyrate. Values are given as 
mean ± SD from n = 3 experiments.

Microsomal 
fraction

Protein concentration 
[mg/mL]

Specific activity towards pNP- 
butyrate [mM/min/mg]

Mus musculus 24.7 ± 1.2 5.48 ± 0.77
Sus scrofa 29.0 ± 1.9 0.40 ± 0.27
Dama dama 37.8 ± 1.6 5.18 ± 0.93
Capreolus 

capreolus
37.1 ± 1.0 0.51 ± 0.46

Fig. 1. Recovered esterase activity of Perloza MG-microsomes and remaining 
esterase activity of microsomal suspension after immobilization using 300 µM 
pNP-butyrate as substrate. Activity is expressed as % of activity of original 
microsomal suspension before immobilization. Values are presented as mean ±
SD from triplicate experiments (n = 3).
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specific activity of free and Perloza MG-immobilized microsomal frac
tions with 300 µM pNP-butyrate as substrate was investigated (Fig. 3) to 
determine whether immobilization altered the pH tolerance of the 

microsomes. This analysis was essential for evaluating the potential of 
these immobilized microsomes in chemo-enzymatic synthesis, as pH 
plays a crucial role not only in enzyme activity but also in the stability of 

Fig. 2. Scanning electron microscopy (SEM) images of (A) unmodified Perloza MG microparticles and (B) Perloza MG-Dd microsomes. The observed reduction in 
particle diameter compared to the nominal 30–50 µm range is attributed to the dehydration effects of the vacuum conditions and drying procedures employed during 
the sample preparation for SEM.

Fig. 3. Effect of pH on the specific activity of free and Perloza MG-immobilized microsomal fractions using pNP-butyrate (300 µM) as substrate. Values are presented 
as mean ± SD from triplicate experiments (n = 3).
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organic compounds. While classical hydrolysis in organic chemistry 
often requires strongly acidic or alkaline conditions [31–33], enzymatic 
catalysis offers the distinct advantage of operating under milder, often 
neutral, pH conditions. This is particularly important for substrates and 
products that are unstable under extreme pH. Therefore, the pH de
pendency of esterase activity was investigated across a pH range of 3 to 
9.

Both free and immobilized microsomes exhibited a pH optimum in 
the range of 7 to 9, consistent with previous reports [34,35]. However, 
significant differences in pH tolerance were observed between the two 
forms. Immobilized microsomes demonstrated a broader pH stability 
range, with maximal activity at pH 9. Free microsomes generally showed 
maximal esterase activity at pH 7. The most pronounced differences in 
activity were observed at pH 5 and 9. At pH 9, a substantial increase in 
esterase activity was measured for Mm and Dd microsomes upon 
immobilization. Furthermore, Dd microsomes displayed a greater than 
10-fold increase in specific activity at pH 5 compared to their free 
counterparts. Similarly, Mm and Ss microsomes displayed significant 
improvements, with an activity increase of approximately 5-fold at pH 5 
after immobilization. These results indicate that immobilization en
hances the resistance of microsomal membrane and their associated CES 
to pH changes, particularly for Dd microsomes, which appear to be the 
most promising candidates for chemo-enzymatic applications.

3.2.3. Perloza MG-microsomes storage stability
Long-term preservation of biological materials, such as enzymes or 

membranes, in a non-denatured state presents a significant challenge in 

biochemical assays. Given the established benefits of immobilization for 
enhancing the stability of individual proteins [36,37], this strategy was 
also applied to intact natural microsomal vesicles. The temporal and 
thermal stability of both free and Perloza MG-microsomes was investi
gated over 28 days at 4 ◦C and 20 ◦C (Fig. 4). Assessing stability under 
these conditions is crucial for the practical application of Perloza MG- 
microsomes in biocatalytic processes. Temperatures below 0 ◦C were 
not studied due to the general recommendation from manufacturers that 
freezing conditions can damage porous phases based on cellulose, such 
as Perloza MG, Sephadex, and Superdex. While microsomal fractions 
from all four species (Mm, Ss, Dd, and Cc) were initially tested, the 
esterase activity of Ss and Cc microsomes toward the model substrate 
pNP-butyrate was consistently too low (Table 1) to allow for reproduc
ible measurements. Therefore, the following results focus on the sta
bility profiles of Mm and Dd microsomes, which exhibited measurable 
and reproducible esterase activity under the assay conditions.

At 4 ◦C, both free and immobilized microsomes exhibited similar 
trends in activity. Within the first four days, specific esterase activity 
increased for both Mm (2-fold increase) and Dd (1.5-fold increase) mi
crosomes. This initial increase was followed by a gradual decline, with 
activity stabilizing after approximately two weeks at 50–90% of the 
initial activity at day 0 with a higher decline in the case of immobilized 
microsomes. This initial increase is hypothesized to be due to the 
“opening” of microsomal vesicles, leading to increased exposure of CES 
to the substrate [38,39]. This explanation is plausible, as microsomal 
CES are known to be oriented towards the lumen of the endoplasmic 
reticulum [11]; therefore, disruption of the membrane structure could 

Fig. 4. Temperature-dependent storage stability of free and Perloza MG-immobilized microsomal fractions over time. Specific activity was monitored during storage 
at 4 ◦C and 20 ◦C. Values are presented as % of original activity mean ± SD from triplicate experiments (n = 3).
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enhance substrate accessibility. The subsequent decrease in activity 
likely reflects ongoing microsomal membrane degradation. Such 
behavior of microsomal membrane was possible to follow thanks to the 
experimental design utilizing immobilized microsomes. For Perloza MG- 
microsomes, the particles with immobilized microsomes were washed 
before each esterase activity determination. This washing step would 
remove any released microsomal fragments containing CES, ensuring 
that only the activity of the remaining immobilized enzymes was 
measured. In contrast, the experiment with free microsomes did not 
include a washing step. Consequently, even if microsomal membrane 
disintegration occurred, the esterase activity of any released microsomal 
fragments would still be detected. This methodological difference likely 
contributed to the apparently higher stability observed for free micro
somes, as it would mask the loss of activity associated with membrane 
breakdown.

At the higher temperature of 20 ◦C, a slightly different pattern 
emerged. A more rapid initial decrease (approximately 50% of original 
activity) in a specific activity of immobilized microsomes was observed. 
In the case of free microsomes, activity remained relatively unchanged 
throughout the experiment. This suggests that the increased tempera
ture accelerates both microsomal membrane degradation and initial 
proteolysis by endogenous microsomal proteases [40]. However, similar 
to the 4 ◦C condition, activity levels eventually stabilized after the initial 
changes. The observed slow degradation of microsomal membranes is 
consistent with previous findings from our group, where immobilized 
Sf9 microsomal fractions containing overexpressed monoamine oxidases 
A and B (MAO-A and MAO-B) also exhibited a gradual loss of metabolic 
activity [37]. This suggests a common mechanism of degradation across 
different microsomal preparations.

Finally, the influence of temperature on membrane stability can be 
further explained by considering the physical properties of membrane 
phospholipids. At lower temperatures (4 ◦C), phospholipids exhibit 
reduced kinetic energy, resulting in decreased movement of their acyl 
chains. This reduced fluidity and permeability of the microsomal 
membrane is expected to contribute to increased stability, explaining 
the slower degradation observed at this temperature [41].

To further investigate the hypothesis of microsomal membrane 
degradation, protein release from Perloza MG-microsomes was quanti
fied by measuring protein concentrations in the supernatant after the 
first four days of incubation. At 4 ◦C, approximately 20% of the immo
bilized protein was released, while storage at 20 ◦C resulted in a release 
of 50–60% of the immobilized protein within the first four days. These 
data demonstrate an initial release of microsomal proteins at both 
temperatures, providing direct evidence of membrane disruption. The 
more rapid protein release at 20 ◦C is consistent with the accelerated loss 
of specific activity observed at the higher temperature. The subsequent 
gradual decrease in supernatant protein concentration suggests a 
possible restructuring or aggregation of the released microsomal com
ponents. While immobilization on Perloza MG microparticles did not 
significantly enhance microsomal membrane stability within the 28-day 
timeframe of this study, the observed trends suggest that it may offer 

benefits for longer-term storage.

3.3. Interspecies variation in substrate specificity

The successful application of animal liver microsomal CES in chemo- 
enzymatic synthesis hinges on their capacity to hydrolyze esters with 
diverse structural motifs. To investigate substrate specificity, two classes 
of esters were evaluated (Fig. 5): p-nitrophenol esters, characterized by a 
larger alcohol moiety and a smaller acyl group (plausible substrates of 
CES2 family isozymes), and p-nitrobenzoic acid esters, possessing a 
larger acyl group and a smaller alcohol moiety (plausible substrates of 
CES1 family isozymes). All assays were conducted at a substrate con
centration of 300 µM.

As expected, the specific esterase activities of the animal liver mi
crosomes varied significantly across species (Fig. 6), reflecting species- 
specific expression and activity of esterases, particularly CES [14,27]. 
In general, microsomes from all animal species (both free and immobi
lized) exhibited higher specific esterase activity toward pNP esters, 
suggesting potentially higher expression or activity of CES2 family iso
zymes in the tested liver microsomes. In addition to biochemical factors, 
a purely physico-chemical explanation is plausible, as pNP esters are 
expected to be sterically more accessible compared to the bulkier pNBA 
derivatives. Furthermore, the higher electrophilicity of the pNP group 
renders the corresponding esters more susceptible to nucleophilic attack 
within the esterase active site [42]. However, a strict substrate speci
ficity model was not observed. While Mm microsomes exhibited the 
highest esterase activity with pNP-butyrate, Ss microsomes showed the 
highest activity toward pNP-acetate. All pNP esters were cleaved by both 
free and immobilized microsomes from all animal species. In contrast, 
the pNBA esters yielded somewhat different results. Only Mm and Dd 
microsomes exhibited reproducible esterase activity with these sub
strates, with Dd microsomes showing particularly high activity, signifi
cantly exceeding that of the other animal models (~20-fold increase 
compared to second highest Mm microsomes). This marked enhance
ment of activity with both pNP and pNBA esters positions Perloza MG-Dd 
microsomes as the most versatile biocatalyst among those evaluated in 
this study since they demonstrated the ability to metabolize all tested 
esters with the highest average activity.

3.4. Reusability of Perloza MG-Dd microsomes

Limited lifetime and the inability to reuse enzymes have long been 
major limiting factors in their widespread adoption as catalysts in 
organic synthesis [1,4,36]. Given the favorable pH stability (Section 
3.2.2), long-term stability (Section 3.2.3), and broad substrate speci
ficity (Section 3.3) observed for Perloza MG-Dd microsomes, these 
immobilized microsomes were selected to evaluate the concept of 
reusability. Reusability was assessed by performing ten consecutive re
action cycles at 37 ◦C using 300 µM pNP-butyrate as substrate (Fig. 7). 
The results revealed an initial decrease in esterase activity after the first 
cycle. However, consistent activity, corresponding to approximately 

Fig. 5. Chemical structures of p-nitrophenol and p-nitrobenzoic acid esters used as potential substrates of microsomal fractions.
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60% of the initial activity, was observed over the remaining nine cycles. 
This initial decrease is likely attributable to the rapid initial degradation 
of the microsomal membranes, as observed in the long-term stability 
study, where approximately 50 % of the initial esterase activity was lost. 
Nevertheless, the sustained activity over multiple cycles suggests sub
stantial preservation of both the microsomal fractions and the Perloza 
MG particles, highlighting the potential for a sustainable biocatalytic 
approach. In industrial biocatalysis, immobilized enzymes are typically 
considered for replacement when their residual activity falls between 
10% and 50% of the initial activity [8]. The sustained activity observed 
in this study suggests that Perloza MG-Dd microsomes hold considerable 
promise for application in chemo-enzymatic synthesis protocols.

Particle regeneration and stability are crucial aspects of solid sup
ports used in sustainable chemo-enzymatic synthesis protocols, as they 
must withstand diverse reaction conditions [1,8]. Perloza MG was 
selected not only for its demonstrated efficacy in microsome immobili
zation and minimal agglomeration, but also for its inherent stability 
across a wide range of conditions, including extreme pH (1–14), various 
buffers, detergents, chaotropic agents, and common organic solvents 

and high temperatures (1 h at 120 ◦C). These particles are composed of 
pure cellulose with incorporated magnetite, and all organic solvents 
used in their production are fully recycled, further emphasizing the 
sustainability of these particles [43]. The regeneration of Perloza MG 
particles was investigated by removing immobilized Dd microsomes 
using 0.5 M sodium hydroxide [21] and subsequently immobilizing a 
fresh Dd microsomal fraction using our standard immobilization pro
tocol (Section 2.5). Fresh, unmodified Perloza MG particles served as a 
control (Fig. 8). The study demonstrated that Perloza MG can be 
repeatedly employed for multiple immobilization cycles without 
compromising activation efficiency or binding capacity. Near-identical 
immobilization yields (≈ 18% recovered esterase activity) were ob
tained for both regenerated and fresh particles. This reusability trans
lates to a more sustainable approach for organic research at both 
laboratory and industrial scales.

3.5. Chemo-enzymatic synthesis using Dd microsomes

The knowledge gained from the previous experiments was applied to 

Fig. 6. Comparison of the specific activity of free (A) and Perloza MG-immobilized (B) microsomal fractions from different animal species (Mm, Ss, Dd, Cc) using p- 
nitrophenol and p-nitrobenzoic acid esters as substrates. Values are presented as mean ± SD from (n = 3).
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the chemo-enzymatic synthesis of CypD inhibitors that are prepared and 
studied as possible drugs that suppress the opening of mitochondrial 
permeability transition pore that is connected with the pathology of 
several diseases, e.g., ischemia–reperfusion injury or Alzheimer’s dis
ease [44]. While preparing known CypD inhibitors, we faced some 
reproducibility issues. Although the synthetic route was adapted from a 
published procedure [23], significant synthetic challenges were 
encountered (Fig. 9). The initial two synthetic steps (Fig. 9) successfully 
yielded compound 3, containing both an ester and a nitrile functional 
groups. However, the subsequent base-catalyzed hydrolysis of com
pound 3 using lithium hydroxide (Fig. 9B) did not afford the desired 
product 4. Instead, a by-product 5, lacking the nitrile functionality, was 
mainly formed. This by-product 5 may be a result of a nucleophilic 
attack of the urea-nitrogen on the nitrile carbon atom, forming imino- 
compound in situ (in short reaction time within first 15 min) [45], and 
further keto-compound (in longer reaction time within 2 days) [46]. 

Structural elucidation of compound 5 was achieved through compre
hensive NMR, Raman spectroscopy, and LC-MS analysis. Modifications 
to the reaction conditions, including variations in the base (lithium, 
sodium, and potassium hydroxides), solvents, and temperature, failed to 
suppress by-product formation; the ratio of the desired product 4 to by- 
product 5 consistently remained below 1:99. Furthermore, an experi
ment with hydrochloric acid was performed to evaluate acidic ester 
hydrolysis; however, this approach also failed to yield the desired 
product 4. Instead, new, as-yet uncharacterized by-products were 
observed (for more details see Supplementary Material). Despite 
numerous attempts to optimize the reaction conditions, we were unable 
to reproduce the reported synthetic protocol [23] or obtain the desired 
product 4 through chemical synthesis modifications.

To overcome the synthetic challenge posed by the formation of by- 
product 5, a biocatalytic approach utilizing immobilized microsomes 
was investigated. Compound 3 was incubated with Perloza MG- 
immobilized microsomes from all tested animal models at pH 7.4 and 
37 ◦C (Fig. 10A). While ester hydrolysis was observed in all cases, with 
Mm and Dd microsomes exhibiting the highest specific activity, by- 
product 5 was still detected. The ratio of the desired product 4 to by- 
product 5 was approximately 16:84. Although the measured esterase 
activity values varied and reflected species-dependent differences, this 
product/by-product ratio remained nearly identical across all tested 
microsomes. This consistent ratio suggested the possibility of sponta
neous cyclization of compound 3, dependent on pH and/or temperature. 
This hypothesis was subsequently confirmed by examining the stability 
of compound 3 at different pH values and temperatures (Fig. 10B). These 
studies revealed that compound 3 undergoes pH and temperature- 
dependent conversion to the cyclic form. While compound 3 was 
found to be stable at pH 5, cyclization already occurred at pH 7 and was 
further accelerated at higher pH and elevated temperatures. Conse
quently, Perloza MG-Dd microsomes (selected for their activity at pH 5 
(Fig. 5) and high esterase activity towards compound 3 (Fig. 10A)) were 
employed at 20 ◦C and pH 5.5 (Fig. 9C). Under these optimized condi
tions, the enzyme-catalyzed reaction predominantly yielded the desired 
product 4, with a significantly improved product ratio of 98:2 relative to 
by-product 5.

Following the biocatalytic reaction, no other metabolites were 
detected. This observation was consistent with the experimental design, 
which aimed to isolate esterase activity. While microsomes contain a 
wide range of enzymes, including oxidoreductases, transferases, and 

Fig. 7. Esterase activity by Perloza MG-Dd microsomes over 10 consecutive activity cycles to prove reusability. Activity was measured using 300 µM pNP-butyrate as 
substrate. Data are shown as mean ± SD from three independent experiments (n = 3).

Fig. 8. Recovered esterase activity of fresh and regenerated Perloza MG mi
croparticles, measured using 300 µM pNP-butyrate as substrate. Values are 
presented as mean ± SD from triplicate experiments (n = 3).
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hydroxylases, many of these enzymes require cofactors such as ATP, 
ADP, NADPH, NADH, or metal ions for activity. Esterases, however, 
typically do not require exogenous cofactors for their catalytic function. 
By immobilizing the microsomes on magnetic microparticles and 
implementing washing steps, these soluble cofactors were effectively 
removed. This selective removal of cofactors focused the observed 
enzymatic activity on membrane-bound hydrolases, particularly ester
ases. Consequently, the Perloza MG-Dd microsomes exhibited predom
inantly esterase activity, as anticipated. However, it is important to note 
that by supplementing the reaction mixture with specific cofactors, the 
activity of other microsomal enzymes, such as oxidoreductases or hy
droxylases, could be restored. This approach would open up possibilities 
for the synthesis of a wider range of metabolites on a preparative scale, 
including hydroxylated or oxidized products, using the same immobi
lized microsomal system. Such metabolites would be further suitable for 
potential pharmacological testing.

3.5.1. Preparative biocatalysis using Perloza MG-Dd microsomes
Building on the experience gained from small-scale biochemical ex

periments (100 µL reactions converting nanograms to micrograms of 
substrate) conducted under specific reaction conditions (pH 5.5, 20 ◦C), 
the biocatalytic approach was scaled up to a preparative level (25 mg of 
substrate) to simulate real-world organic synthesis in drug development. 
While these conditions were not optimal for mammalian enzyme ac
tivity, near-complete biotransformation of compound 3 to the desired 
product 4 was achieved within 96 h, corresponding to an 89% conver
sion yield. Notably, the Perloza MG-Dd microsomes could be reused, 
achieving conversions of 64% and 60% in subsequent reaction cycles. 
These results mirror the reusability data obtained previously (Section 
3.4), where a decrease in esterase activity was observed between the 
first and second cycles, followed by stabilization. Subsequent liquid
–liquid extraction and purification yielded product 4 with 98% purity at 
a 68% final yield. These findings clearly demonstrate that the use of 

Fig. 9. Reaction scheme for the chemo-enzymatic synthesis of compound 4. (A) Chemical synthesis of the 3 according to Michel et al. [23] (B) Unsuccessful alkaline 
hydrolysis of 3 according to Michel et al. [23], resulted in the formation of the undesired by-product 5 (cycle-acid) due to intramolecular cyclization. (C) Enzymatic 
hydrolysis of 3 using Perloza MG-Dd microsomes, leading to the selective formation of the desired product 4.

Fig. 10. (A) Comparison of the hydrolysis rate of compound 3 catalyzed by Perloza MG-microsomes from different animal species at pH 7.4. (B) Influence of pH and 
temperature on the stability of compound 3, showing its spontaneous cyclization to form compound 5. Values are presented as mean ± SD from triplicate exper
iments (n = 3).
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immobilized enzymes can be a viable and sustainable alternative to 
traditional chemical synthesis procedures.

3.5.2. Preparative biocatalysis using Dd liver homogenates
The requirement for specialized equipment, such as an ultracentri

fuge, can pose a logistical constraint when working with animal liver 
microsomes. To address this limitation, a simplified approach using 
whole liver homogenates from Dd was explored. Dd liver tissue was 
homogenized following the same initial protocol as for microsomal 
preparation (Section 2.4), but the procedure was terminated after the 
first centrifugation step (5,000 × g for 20 min) to pellet connective 
tissue, cell debris, and nuclei. Subsequently, compound 3 (25 mg) was 
incubated with the prepared Dd liver tissue homogenate. This approach 
resulted in near-complete biotransformation of compound 3 within 48 h, 
affording a biotransformation yield of approximately 87 % for product 
4, comparable to the yield obtained with Perloza MG-Dd microsomes. 
While this method exhibited a two-fold faster conversion rate, it 
required a substantially larger amount of liver tissue and did not allow 
for biocatalyst recycling, unlike the Perloza MG-Dd microsome system. 
Furthermore, the crude product obtained directly after biotransforma
tion contained significantly more biomolecular contaminants (e.g., 
proteins, lipids, bilirubin, bile acids, glutathione, or other endogenous 
metabolites) and minor amounts of other metabolites (less than 2% of 
the total biotransformation yield), likely formed by cytochrome P450 
enzymes [47]. Nevertheless, this straightforward approach provides 
compelling evidence for the feasibility of biocatalysis using Dd liver 
tissue and further validates the development of sustainable chemo- 
enzymatic approaches in modern organic synthesis.

4. Conclusion

This study successfully developed a cost-effective and robust bio
catalytic system for ester hydrolysis using animal liver microsomes 
immobilized on Perloza MG microparticles. Immobilization significantly 
enhanced esterase activity, broadened pH tolerance, and enabled 
repeated reuse of the biocatalyst. Notably, the Perloza MG-Dd micro
somes demonstrated exceptional performance, exhibiting enhanced ac
tivity under a wide pH range (5–9), storage stability for 30 days, and 10- 
cycle reusability. Enzyme-catalyzed hydrolysis of compound 3 achieved 
89% conversion with a 98:2 product:side-product ratio, a marked 
improvement over chemical synthesis (0.5:99.5). The system was also 
successfully applied in the preparative-scale synthesis of a CypD inhib
itor, yielding 68% product with 98% purity.

While limitations such as potential side reactions requiring cofactor 
control and the need for mild reaction conditions (e.g. limited organic 
solvent tolerance) exist, the system’s scalability and potential for diverse 
applications, including the hydrolysis of unstable compounds, depro
tection reactions, and drug metabolite synthesis, are significant advan
tages. By supplementing with specific cofactors, the system can be 
expanded to include other enzymatic activities.
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[44] A. Haleckova, O. Benek, L. Zemanová, R. Dolezal, K. Musilek, Small-molecule 

inhibitors of cyclophilin D as potential therapeutics in mitochondria-related 
diseases, Med. Res. Rev. 42 (2022) 1822–1855, https://doi.org/10.1002/ 
med.21892.

[45] E. Gianquinto, F. Sodano, B. Rolando, M. Kostrzewa, M. Allarà, A.M. Mahmoud, 
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