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aUniversità di Genova, Dipartimento di

Dodecaneso 31, Genova, 16146, Italy. E-m

peddis@unige.itmailto
bCNR, Istituto di Struttura della Materia, nM

Italy
cInstitute of Environmental Biotechnology,

Tulln, BOKU University, Konrad Lorenz Stra
dAustrian Centre of Industrial Biotechnology

Donau 3430, Austria

† Electronic supplementary informa
https://doi.org/10.1039/d4su00521j

Cite this: RSC Sustainability, 2025, 3,
403

Received 28th August 2024
Accepted 19th November 2024

DOI: 10.1039/d4su00521j

rsc.li/rscsus

© 2025 The Author(s). Published by
ster synthesis using a recyclable
biocatalyst magnetic nanoarchitecture†

Francesco Papatola,a Sawssen Slimani,ab Filippo Fabbri, c Georg M. Guebitz,cd

Davide Peddis *ab and Alessandro Pellis *a

Improving enzyme activity and stability as well as preserving selectivity is amust for rendering biocatalysis an

economically viable technology. These improvements can be achieved by immobilizing the biocatalyst on

the surface of metal oxide magnetic nanoparticles. The aim of this work is to rational design Biocatalyst

Magnetic Nanoarchitecture (BMN) consisting of spinel iron oxides nanoparticles having optimized

morpho structural (i.e., particles size, shape and crystallinity), textural (i.e., high surface area) and

magnetic properties. Candida antarctica lipase B (CaLB) was immobilized on the nanoparticles' surface

investigating the optimal bioconjugation conditions and performing the biochemical characterizations to

quantify protein concentration and to assess enzymatic activity. Once immobilized on the magnetic

nanoparticles surface, CaLB was tested for an enzymatic polycondensation reaction to synthesize

polyesters starting from renewable monomers such as the dimethyl ester of adipic acid and 1,8-

octanediol. Conversion of monomers was >87% over three reaction cycles while the number average

molecular weights of the products were between 4200 and 5600 Da with a dispersity <2. Efficient

recycling of the enzyme upon magnetic separation was demonstrated for three reaction cycles.
Sustainability spotlight

The present study proposes enzymatic polymerization reactions to synthesize polyesters employing lipase (CaLB) covalently immobilized onto magnetic
nanoparticles (i.e., Biocatalyst Magnetic Nanoarchitecture). This ensures efficient recovery of the biocatalyst in environmentally friendly conditions (solventless)
through the application of an external magnetic eld facilitating its re-use over multiple polymerization cycles. This strategy was validated experimentally by
carrying out the solvent-free polycondensation of dimethyl adipate and 1,8-octanediol and testing the preparation's recyclability over 3 reaction cycles. This work
aligns with the following UN SDGs: 4-quality education, 9-industry, innovation and infrastructure and 12- responsible consumption and production.
1. Introduction

To satisfy the increasing request for biobased and biodegrad-
able polymers, in line with the “European green deal”,1 the
ability of enzymes to transform natural and non-natural
compounds into polymers is considered as an environmen-
tally friendly alternative to the traditional chemical synthetic
pathways.2 Biocatalysis is emerging as a fundamental tool
within the chemical industry to produce pharmaceuticals and
ne chemicals using mild and environmentally-friendly
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conditions.3 Around the 1980s a new approach of polymer
synthesis employing enzymes as catalysts has been developed,
known as enzymatic polymerization.4 In particular, enzymes
from the class of hydrolases (e.g., lipases, cutinases and ester-
ases) are nowadays among the most commonly used bio-
catalysts for polyester synthesis since they are known for their
versatility and thermostability.5 Among these, the most widely
used biocatalyst for the synthesis of polyesters is Candida ant-
arctica lipase B (CaLB), due to its commercial availability both
as free and immobilized catalyst.6 However, enzyme applica-
tions are in most cases still limited due to the lack of long-term
stability, difficult recovery and impossibility of re-use of the
costly biocatalyst. These limitations could be overcome by
utilizing enzyme immobilization strategies.7,8 The immobiliza-
tion of enzymes presents as the main objective to preserve and
eventually enhance some of the enzyme's properties such as
activity, stability and substrate specicity.9 In addition, the
immobilized preparations provide a tool for an easy separation
of the biocatalyst from the reaction product facilitating its
recovery and re-use. Biocatalysts costs and enzyme recyclability
over several cycles of operation are in fact two of the main
RSC Sustainability, 2025, 3, 403–412 | 403
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limiting steps for the cost-effective large scale implementation
of enzyme-catalyzed reactions in the chemical industry.10 In the
last two decades, new promising strategies of enzyme immo-
bilization were developed to further improve the separation of
the biocatalyst from the reaction product. In particular, the eld
of nanotechnology has progressed signicantly by leading to
the fabrication and application of a wide range of nano-
supports for the immobilization of enzymes and it is
emerging as a general-purpose eld having signicant impact
on catalysis.11 Among them, magnetic nanoparticles (MNPs)
have emerged due to their distinctive physico-chemical and
magnetic properties. These MNPs possess several advantageous
characteristics, including biodegradability, biocompatibility,
low cost and the ability to be tailored with specic surface
chemistries.12 This immobilization strategy not only can
provide an active and stable biocatalyst, but also it is a relatively
simple and low-cost immobilization procedure that does not
require an expensive support.13 Some critical issues such as
optimization of the magnetic properties, mass transfer limita-
tions and low efficacy against insoluble substrates still need to
be overcome. This very complex but promising scenario became
an exciting playground where biotechnologist and materials
physical chemist can produce novel biocatalyst magnetic
nonarchitecture (BMN) by synergistic rational design of the
magnetic and biocatalytic components.14 The application of
BMN represents a promising approach to enable the bio-
catalyst's immobilization satisfying both the need of preserving
the enzyme's activity and the modern's day green chemistry
principles that aim to follow the “do not signicant harm”

principle.15,16 In fact, differently from other immobilization
strategies based on non-magnetic carriers, their responsiveness
to external magnetic eld enables a rapid and efficient bio-
catalyst separation from reaction media simplifying signi-
cantly the purication steps in enzymatic reactions mainly by
avoiding the use of organic solvents and other ltration
systems. High surface to volume ratio, easy surface functional-
ization and peculiar magnetic properties (i.e., super-
paramagnetism at room temperature, high saturation
magnetization Ms), make MNPs an unique solid support for
biocatalyst immobilization.17 The main advantage of dealing
with a superparamagnetic objects (i.e., remanence magnetiza-
tion and coercivity equal to zero) is that when the external
magnetic eld is removed, the magnetic object itself is not
anymore magnetic. This will prevent clustering phenomena,
and the presence of local magnetic elds. MNPs used as
a support for enzyme immobilization have been successfully
demonstrated in applications like substrate sensing,18,19

immunoassays20 and organic synthesis21,22 and several studies
have shown that the activity and stability of enzymes immobi-
lized on MNPs are signicantly better than unbounded
enzymes23,24 but without focusing on biocatalyst recycle system.
Therefore, the overall intent of this study was to synthesize
polyesters employing recyclable biocatalyst magnetic nano-
architecture. Unlike other immobilization strategies where the
recovery process in organic media could determine an irre-
versible activity reduction of the immobilized enzyme, the idea
of the work was to recover biocatalyst without using any kind of
404 | RSC Sustainability, 2025, 3, 403–412
solvents, but just a magnetic device, to exploit enzyme recycla-
bility over multiple reaction cycles thanks to the retainment of
its activity.

According to the literature,25–27 for which CaLB exploits
excellent selectivity towards long chain diols and acids, enzyme
bound nanoparticles were tested for enzymatic polymerization
reactions to synthesize polyesters starting from renewable
monomers such as dimethyl adipate and 1,8-octanediol
studying the preparation's recyclability over 3 cycles of reaction.
2. Experimental
2.1 Materials and methods

The chemicals FeCl2$4H2O (>99%), FeCl3$6H2O (>99%), HCl
(98%), ammonium hydroxide (30%), ethanol ($99.8%)
dimethyl adipate (DMA, >99%), 1,8-octanediol (ODO, >99%),
chloroform (99.0–99.4%), 2-methyl-2-butanol (>99%), 4-nitro-
phenol (>99%), para-nitrophenyl butyrate (p-NPB), bovine
serum albumin (BSA), K2HPO4 (>98%) and KH2PO4 (>98%),
lipase from Candida sp.(L3170) and N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide-hydrochloride (EDC) were
purchased from Sigma-Aldrich.

MNPs synthesis. Spinel iron oxide nanoparticles were
synthesized by the co-precipitation method using an aqueous
solution of Fe2+ and Fe3+ with the stoichiometric ratio 1 : 2, by
alkalization with 30% ammonia solution. The synthesis was
done according to the following operating procedure: at 60 °C,
a mixture of FeCl3$6H2O (>99%, Sigma-Aldrich) and FeCl2-
$4H2O (>99%, obtained from Sigma Aldrich) was dissolved in
100 mL 0.01 M HCl solution (obtained from Sigma Aldrich,
98%). The solution was alkalinized with 30% ammonium
hydroxide. Aer two hours of magnetic stirring, the resulting
precipitate was washed with deionized water for 3 cycles assis-
ted by centrifugation, and adjusting the pH it was possible to
obtain stable ferrouids. The obtained black powders were
dried overnight in an oven at 60–70 °C before further use.28
2.2 Characterization of MNPs

The crystalline structure was characterized by X-ray diffraction
(XRD) measurements, using a TT 3003 diffractometer equipped
with a secondary graphite monochromator, employing CuKa
radiation (l = 1.5418 Å). Data were collected in the 10–90° 2w
range with a step size of 0.04° and counting 4 s per step. A
vibrating sample magnetometer (VSM Model 10–Microsense)
equipped with an electromagnet producing a magnetic eld in
a range from −2 to +2 T was used to investigate the eld
dependence of magnetization.

Transmission electron microscopy (TEM) analysis was per-
formed by using a Philips CM200 microscope operating at 200
kV and equipped with a LaB6 lament. For TEM observations,
the samples, in the form of powder, were prepared by using the
following procedure. A small quantity of powder was dispersed
in ethanol and subjected to ultrasonic agitation for ∼1 min. A
drop of the suspension was deposited on a commercial TEM
grid covered with a thin carbon lm. Finally, the grid was kept
in air until complete ethanol evaporation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Quantum Design PPMS (Physical Property Measurement
System) magnetometer was utilized to investigate the magnetic
properties of the samples. These samples, in powder form, were
secured in polycarbonate capsules with epoxy resin to prevent
particle movement during measurements. Field dependence of
magnetization measurements were recorded at 5 K and 300 K.
The thermal dependence of magnetization was measured using
zero eld-cooled (ZFC) and eld-cooled (FC) protocols. For the
ZFC measurements, the sample was rst cooled in the absence
of a magnetic eld, and then the magnetization was measured
during warming the sample in an applied eld of 2.5 mT. For
the FC measurements, the sample was cooled while maintain-
ing the applied eld of 2.5 mT, and magnetization was
measured during the subsequent warming process keeping the
eld applied. The eld dependence of remanent magnetization
was investigated using the IRM (isothermal remanent magne-
tization) and DCD (direct current demagnetization) protocols.
The IRM protocol begins with a demagnetized sample. A small
positive magnetic eld (Hrev) is applied, then removed, and the
remanence (MIRM) is measured in zero eld. This process is
repeated with increasing applied elds until the remanence
reaches saturation. In the DCD measurement, the sample has
been saturated in a positive direction. Then, a small negative
magnetic eld opposite to the magnetization direction is
applied for a few seconds, then switched off, and the remanence
(MDCD) is measured. This process is repeated with increasing
magnetic elds until the remanent magnetization reaches
saturation. All the magnetic measurements were normalized by
the mass of the magnetic phase. Saturationmagnetization value
(Ms) was determined from the portion at high eld of M=(H)
curves using as approach to saturation law (LAS).29

Immobilization of lipase on MNPs. Aer the synthesis of
magnetic nanoparticles, Candida antarctica lipase B (CaLB) was
immobilized onto the surface. The immobilization procedure
was based on the formation of covalent bonds between the
functional groups present on magnetic nanoparticles and on
the enzyme protein upon carbodiimide- EDC activation.
Therefore, in a glass vial, 250 mg of magnetic nanoparticles
(MNPs) were weighted using an analytical balance. MNPs were
added to 2 mL of buffer A (0.003 M KH2PO4/K2HPO4, pH 6). The
reaction mixture was agitated for 10 min with a blood rotator
(SB3 model from VWR) aer adding 0.5 mL of EDC carbodii-
mide solution (0.025 g mL−1 in buffer A). Then, 2.5 mL of CaLB
(lipase from Candida sp., obtained from Sigma Aldrich, L3170,
7.1 mg mL−1), prepared by mixing 0.7 mL of enzymatic stock
with 1.8 mL of buffer A (KH2PO4/K2HPO4, pH 6), was added and
the reaction mixture was agitated for 24 h at RT with the rotator
set at a speed of 40 rpm. Lipase-bound magnetic nanoparticles
were recovered from the reaction mixture by placing the glass
vial on a permanent magnet. The magnetic particles settled
within 30 seconds and the supernatant was used for protein
analysis while the precipitates were washed one time with
buffer A and then buffer B (0.1 M K2HPO4/KH2PO4 pH 8.0). The
binding of lipase onto the MNPs was conrmed using FT-IR
(Shimadzu IRPrestige-21, equipped with a Specac golden gate
single reection diamond attenuated total reection). All
© 2025 The Author(s). Published by the Royal Society of Chemistry
samples were analyzed in the 4000−600 cm−1 region and
Fourier Transform was used as a data-processing technique.

The thermal stability of magnetic nanoparticles before and
aer enzyme immobilization was determined through a Ther-
mogravimetric (TG) analysis by means of a Mettler Toledomicro
and ultra-micro balances with sub-microgram resolution over
the whole measurement range. Each sample (80 mg) was
measured under air atmosphere and heated from 20 to 800 °C at
a heating rate of 20 °C min−1.

Esterase activity assay. The esterase activity of CaLB activity
was determined by monitoring hydrolysis para-nitrophenyl
butyrate (p-NPB) (Fig. S2†). The catalytic activity, which corre-
sponds to the increment of the absorbance at 405 nm due to the
hydrolytic release of p-nitrophenol (3 405 nm), was monitored
over 5 min in cycles of 30 s with a Tecan Plate Reader (Tecan,
Grödig, Austria) using 96-well microtiter plates (Greiner 96 Flat
Bottom Transparent Polystyrene).

Different enzymes dilutions were prepared using K2HPO4/
KH2PO4 buffer pH 8, 0.1 M. Solution A consisting of 86 mL of p-
NPB (p-nitrophenyl butyrate) and 1 mL of 2-methyl-2-butanol
was prepared and stored at −20 °C until usage. Solution B
was freshly prepared each time by mixing 160 mL of solution A
and 4 mL of buffer (K2HPO4/KH2PO4 buffer 0.1 M pH 8). 200 mL
of the solution B was mixed with 20 mL of the enzyme diluted in
buffer. The samples were analyzed in triplicates and a series of
blanks (i.e., buffer without enzyme) were included in each
activity cycle. The activity was calculated in units (U), where 1
unit is dened as the amount of enzyme required to hydrolyze 1
mmol of substrate per minute.

Protein concentration determination. To evaluate the
efficiency of the immobilization procedure the protein concen-
tration of the supernatant was determined using the Bio-Rad
solution (Coomassie brilliant blue G-250 dye) and different solu-
tions of BSA (Bovine Serum Albumin protein standard, 2 mg
mL−1, Sigma-Aldrich) as standard protein to obtain the calibra-
tion curve (Fig. S3†). The concentrations used were: 0.025,
0.03125, 0.0625, 0.1, 0.125, 0.2, 0.25, 0.5 and 1 mgmL−1. Samples
were diluted in 0.1 M K2HPO4/KH2PO4 buffer at pH 8 buffer while
the dye was diluted 1 : 5 inmQwater. BioRad assay is based on the
color change of Coomassie brilliant blue G-250 dye in response to
various concentrations of protein (Fig. S4†). Absorbance was
measured at 595 nm (3 protein–dye complex) over 5 min in cycles
of 18 s with a Tecan Plate Reader (Tecan, Grödig, Austria) using
a 96-well microtiter plate (Greiner 96 Flat Bottom Transparent
Polystyrene) where 10 mL of each sample (in triplicate) and then
200 mL of BioRad solution was added to each pot. Incubation was
performed at 400 rpm for 5 minutes at RT.

Enzymatic synthesis of polyesters. Enzymatic polymerization
via polycondensation of dimethyl adipate and 1,8-octanediol
was performed in bulk (i.e., solvent-less) condition to be as
environmentally friendly as possible using the MNP immobi-
lized lipase as biocatalyst. Equimolar amounts of the two
monomers (0.003 mol) and 10% w w−1 of the immobilized
enzyme calculated on the total amount of the monomers were
le to react at 85 °C for 6 h. Aer this time, pressure was
reduced at 12 mbar for 18 h to remove the by-product, MeOH,
that was formed during the reaction. The samples were then
RSC Sustainability, 2025, 3, 403–412 | 405
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analyzed via Proton Nuclear Magnetic Resonance (1H-NMR) and
Gel Permeation Chromatography (GPC) to determine the
monomers conversion and the obtained molecular weights.

Characterization of the polyesters: proton nuclear magnetic
resonance (1H-NMR) and gel permeation chromatography
(GPC). All 1H-NMR spectra were recorded using a JEOL
ECZ400R/S3 at a frequency of 400 MHz using CDCl3 as the
solvent. Gel permeation chromatography was performed at 30 °
C on an Agilent Technologies HPLC System (Agilent Technolo-
gies 1260 Innity) connected to a 17 369 6.0 mm ID × 40 mm L
HHR-H, 5 mm Guard column and a 18 055 7.8 mm ID × 300
mm L GMHHR-N, 5 mm TSK gel liquid chromatography column
(Tosoh Bioscience, Tessenderlo, Belgium) using THF as an
eluent (at a ow rate of 1 mL min−1). An Agilent Technologies
G1362A refractive index detector was employed for detection.
The molecular weights of the polymers were calculated using
polystyrene calibration standards (250–70 000 Da) purchased
from Sigma-Aldrich.
3. Result and discussions
3.1 Biocatalyst magnetic nanoarchitecture

CaLB was immobilized on MNPs using 2% of biocatalyst based
on the amount of solid support. For several time-points (aer 1,
2, 4, 8 and 24 h), the decrease of the free enzyme activity in the
supernatant due to the immobilization onto magnetic nano-
particles is shown in Fig. 1A. Results for the protein concen-
tration determination are also presented as residual protein
Fig. 1 Immobilization of CaLB onto MNPs. Graphical illustration of
remaining protein concentration (a) and para-nitrophenyl butyrate
activity (b) of the different timepoint supernatants for CaLB concen-
tration of 2%.

406 | RSC Sustainability, 2025, 3, 403–412
concentration (%) for the same time-points (Fig. 1B). The
immobilization results obtained using the lipase B from
Candida antarctica (CaLB) show that aer 24 h of immobiliza-
tion of CaLB, 59% of the biocatalyst was successfully bound to
the magnetic nanoparticles according to the esterase activity
assay. This corresponds very well to 55% bound according to the
decrease of the protein concentration in the supernatant
(Fig. 1A and B respectively). As visible from the graphs, aer 8 h
of immobilization of CaLB, <50% of both the residual activity
and concentration was detected in the supernatant by showing
similar results to those observed aer 24 h of immobilization.
This could be explained by the fact that magnetic nanoparticle’
surface sites were almost completely saturated aer approxi-
mately 8 h. It is also worth to mention that, in presence of
applied magnetic eld a signicant enhancement in the enzy-
matic activity can further observed, due to the inuence of the
magnetic eld on the orientation and mobility of the immobi-
lized enzymes. This has been recently proved in a study reported
by Wang et al.,30 showing that the application of magnetic eld
increased the catalytic activity of immobilized CaLB enzymes.
This opens interesting perspectives on the role of magnetic
nanoparticles and magnetic elds in inuencing enzyme
activity.

Morpho-structural and magnetic properties of the bare
(MNPs) and enzyme-functionalized nanoparticles (BMN) were
investigated by X-ray diffraction, FT-IR and magnetometry. The
X-ray diffraction patterns (Fig. 2a) show for both samples
reections typical of iron oxide phase with spinel structure
(JCPDS card No. 75-449). Any extra phase has been detected and
average crystallite size of 9.0 (1) nm was estimated for both
samples by the Scherrer equation.31 It is important to underline
that XRD clearly indicated that functionalization process do not
induce any relevant structural change in MNPs. To verify the
immobilization of CaLB on MNPs surface, FT-IR analysis was
performed on bare MNPs, pure CaLB and BMN (Fig. 2b). The
characteristic absorption band of CaLB associated with the s-
type C–O (typical of aa residues) is present in CaLB boundMNPs
at around 1036 cm−1 but is not present in bare MNPs con-
rming the binding of lipase to the nanoparticles. In addition to
the characteristic s-type C–O absorption band,32 the IR analysis
reveals the amide I bond transitions at 1630 cm−1, related to the
stretching vibrations of C]O groups and amide II band at
1540 cm−1, due to the N–H bending. In the CaLB spectrum, the
amide II transition is obscured by the O–H absorption, and it
could be explained by the fact that enzyme was analyzed in
water solution. However, in the BMN spectrum, both amide I
and amide II transitions are visible. Aer CaLB immobilization,
the absorption peak at 1630 cm−1 broadens and shis, due to
the overlapping with O–H bending from MNPs surface (i.e.,
hydroxyl group). Additionally, the amide II region becomes
more evident as the presence of a shoulder in the BMN spec-
trum absent in bare MNPs. These results support the bonding
between the enzyme and the magnetic nanoparticles. Further-
more, as reported in the literature,33,34 CaLB immobilization
could occur through the –NH2 functional groups of the enzyme
onto modied surface of solid support. Nevertheless, since the
EDC conjugation chemistry was used, we suppose a reaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD pattern of MNPS (black) and BMN (red); (b) FT-IR of bare
MNPs (black), BMN (red) and pure CaLB (blue).

Fig. 3 (a) ZFC (full symbols) and FC (empty symbols) curve measured
at 2.5 mT, (b) M vs. H curves recorded at 5 K, inset give details around
zero field, and (c) dm plots for MNPs and BMN samples; in all graph
MNPs are indicated by circles and BMN by squares.
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between –NH2 groups, formed from the use of concentrated
ammonia solution on MNPs surface (as visible from the jagged
behaviour of MNPs from 3500–2900 cm−1), and carboxylic
groups of the enzyme. A more detailed discussion on the
graing mode of CaLB on MNPs through the EDC bio-
conjugation process is reported in ESI (Fig. S5)† as well as TGA
analysis of MNPs before and aer CaLB immobilization
(Fig. S6†).

The typical TEM micrographs (Fig. S7†) for the bare MNPs
show the presence of particles with mean particle size of 10 nm,
conrming the XRD results.28

To study the effect of CaLB functionalization, a comparative
magnetic investigation was carried out on both MNPs and BMN
samples. Temperature dependence of magnetization measured
by ZFC-FC protocols (Fig. 3a) exhibit for both samples typical
behavior of an assembly of interacting single-domain parti-
cles.35 The temperature corresponding to the maximum in the
ZFC curve, Tmax, is directly proportional to the average blocking
temperature (hTbi) and was found to be the same for both
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 403–412 | 407
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Table 1 Temperature corresponding to the maximum in ZFC curve
(Tmax), irreversibility temperature (Tirr), mean blocking temperature
(hTbi); saturationmagnetization (Ms), reduced remanentmagnetization
(Mr/Ms), coercive field (m0Hc)

a

Sample Tmax (K) hTbi (K) Tirr (K) Ms (A m2 kg−1) Mr/Ms m0HC (T)

MNPs 202(6) 100(3) 273(8) 77(3) 0.27(2) 0.028(3)
BMN 214(6) 82(2) 221(6) 69 (3) 0,28(2) 0.027(3)

a Uncertainties in the last digit are given in parentheses.

Fig. 4 Field dependence of magnetization for MNPs (empty squares)
and BMN (full circles) recorded at 300 K.
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samples within experimental error (Table 1). The blocking
temperature (Tb) is dened as the temperature at which the
relaxation time equals the timescale of the experimental tech-
nique. Tb is proportional to the anisotropy energy barrier (Ea =
KV), and due to the distribution in volume of real MNPs systems
a distribution of Tb is always present. In this scenario, the mean
blocking temperature (hTbi) is typically dened as the temper-
ature at which 50% of the particles exhibit superparamagnetic
behavior, identifying the temperature at which 50% of the
particles overcome their anisotropy energy barriers.36 Moreover,
there is a noticeable irreversible magnetic behavior between the
ZFC and FC curves. The temperature at which this divergence
occurs, Tirr, is associated with the blocking temperature of the
largest particles.35 Tirr is determined as the point where the
difference between MFC and MZFC drops below 3%.37,38 As the
temperature decreases, the FC curves display a plateau-like
shape, indicating the presence of strong interparticle interac-
tions within both samples. MNPs and BMN samples show small
difference in values of Tmax, Tirr and hTbi (Table 1) suggesting
that CaLB functionalization does have negligible inuence in
magnetization dynamics of nanoparticles.

Field dependence of magnetization was analyzed at 5 K and
300 K, and when irreversibility is observed the hysteresis
parameters, such as saturation magnetization (Ms), coercive
eld (m0Hc), and reduced remanent magnetization (Mr/Ms), were
extracted from the M vs. H curves and are presented in Table 1.
At 5 K (Fig. 3b), the hysteresis loop shows low values of Mr/Ms

and Hc, as expected for spinel iron oxide nanoparticles.39 Using
the LAS equation, an Ms value of 77(3) A m2 kg−1 was obtained
for bare MNPs, which is close to the bulk value (∼90 emu g−1).40

The Ms value for the BMN sample was the same within the
experimental error, clearly indicating that the presence of the
enzyme does not affect the magnetic features of the MNPs. This
result is quite interesting because the presence of a molecular
coating and its interactions with the nanoparticle surface can
typically induce signicant variations in Ms, magnetic anisot-
ropy (i.e., Hc and Mr/Ms).41,42

The effect of interparticle interactions was studied using
direct current demagnetization (DCD) and isothermal rema-
nent magnetization (IRM) protocols at 5 K (ref. 43) (ESI for
details, Fig. S8†). For non-interacting single-domain particles
with uniaxial anisotropy, where the magnetization reversal
occurs by coherent rotation, the IRM and DCD are related
through the following eqn (1):44

m = mDCD(H) − 1 + 2mIRM(H) (1)
408 | RSC Sustainability, 2025, 3, 403–412
In this equation, mDCD(H) and mIRM(H) represent the
normalized remanence values MDCD(H)/MDCD(Hmax) and
MIRM(H)/MIRM(Hmax), respectively, with MDCD(Hmax) and MIRM(-
Hmax) being the saturation remanence magnetization. Typically,
a positive peak in the dm plot indicates the prevalence of
magnetizing interactions (i.e., exchange interactions) among
nanoparticles; conversely, a negative peak suggests the presence
of demagnetizing interactions (i.e., dipole–dipole interactions).
As expected, the dm plots of both samples (Fig. 3c) shows the
dominance of dipole–dipole interactions, with similar interac-
tion strengths observed within experimental error. Being
dipolar strength inverse proportional to the interparticle
distance, this further supports that the presence of CaLB do not
signicant inuence the morphological properties of our
system.

As shown by ZFC-FC, eld dependence of magnetization at
300 K (Fig. 4) conrm that both samples exhibit super-
paramagnetic behavior (i.e., Hc = 0 andMr = 0), with similarMs

values within the experimental error (i.e.,Ms (MNPs)F 61 A m2

kg−1; Ms (BMN) F 57 A m2 kg−1. It is worth to underline that
aer functionalization values Ms and magnetic susceptibility
remain relatively high, ensuring good performance of the
materials for magnetic recovery purpose.
3.2 Polycondensation

The immobilized enzyme preparation was tested for polyesters
synthesis reactions. The progression of the reaction was moni-
tored via 1H-NMR and GPC. By analyzing the 1H-NMR results
(Fig. 5), it was possible to observe a monomer conversion of
92%, monitoring the intensity reduction of the signal at
3.6 ppm (disappearance of the –OCH3 group of the diester due
to the release of MeOH as by-product) in the 1H-NMR spectra of
the polymerization products together with the intensication of
the signal at 4.1 ppm (–CH2–O–C]O). This does not occur in
a control test when the polycondensation reaction is performed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 1H-NMR spectra of poly(1,8-octylene adipate) synthesized
using dimethyl adipate (DMA) and 1,8-octanediol (ODO) as building
blocks.
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using only bare MNPs. As visible in Fig. S9,† no signal reduction
was observed at 3.6 ppm since the –OCH3 group of the diester
does not disappear and –CH2–O–C]O is not formed as
a demonstration of the unsuccessful synthesis of the nal
polyester with just 6% of monomer conversion.

Other important properties of the synthetized polyester,
such as a number average molecular weight (Mn) of 5600 Da and
a degree of polymerization (DP) of∼20 were obtained from GPC
analysis.
Fig. 6 Recovery of the biocatalyst: (a) Ms of BMN and % polyester in
BMN after each cycle; (b)Ms of polyester and % BMN in polyester after
each cycle.
3.3. Enzymatic recyclability

In line with the principles of green and sustainable develop-
ment, a long lifespan and easy recyclability are crucial for the
practical application of catalysts in industry. In liquid media
reactions, a rapid and efficient separationmethod is essential to
remove the catalyst, allowing for its repeated recycling. There-
fore, the chosen separation process should minimize time and
energy consumption. In this context, magnetic separation (MS,
i.e., to use an external magnet separating magnetic catalysts
from the reaction mixture) has recently gained attention as an
effective alternative to traditional methods such as ltration
and centrifugation. Such amethod offers advantages in terms of
speed, simplicity, and overall efficiency, making it both
economically and technically viable with minimal catalyst loss.
Additionally, magnetic separation aligns with green chemistry
principles by reducing secondary waste and lowering energy
requirements. Accordingly, the efficiency of MS of the BMN
under investigation has been evaluated. Aer the reaction, the
biocatalyst was recovered using an external magnetic eld,
washed, and reused for three cycles (Fig. S10 in ESI†). Field
dependence of magnetization of BMN aer each cycle has been
measured at 300 K (Fig. S11a ESI†). A decrease of Ms (Fig. 6a,
© 2025 The Author(s). Published by the Royal Society of Chemistry
black full circles) has been observed with the increase of cycles
indicating an increasing quantity of polyester remain attached
to the MNPs. A rough estimation of the percentage of polyester
has been determined by eqn (1) and reported in Fig. 6a (red
empty squares). Aer the rst cycle a quantity of polyester equal
to ∼20% of the initial weight stayed attached to BMN allowing
a better performance of the catalyst in the subsequence cycles as
the polyester chains from the previous cycle might work as
nucleation points that help the kickstart of the new reaction
cycle. The percentage of polyester slightly increase in the 2nd
and 3rd cycles.

Field dependence of magnetization has been investigated
also on the polyester aer each cycle (see ESI Fig. S11b†)
showing a diamagnetic trend with a susceptibility that, as ex-
pected, is decreasing with the increasing of cycles (see ESI
Fig. S11c†). All themagnetization curves have been corrected for
the diamagnetic contribution (see ESI Fig. S11d†) and using the
trend of Ms, the percentage of MNPs in polyester has been
calculated by eqn (1). The Ms decrease with the increase of
cycles number indicating a reduced percentage of MNPs,
decreasing from 0.009% to 0.006% from 1 to the 3 cycle
(Fig. 6b).

1H-NMR and GPC were used to monitor the % of monomer
conversion and themolecular weights (Mn &Mw) of the obtained
RSC Sustainability, 2025, 3, 403–412 | 409
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Fig. 7 Enzyme recyclability for 3 cycles of polycondensation reac-
tions: progression of reactions wasmonitored via 1H-NMR (monomers
conversion, red bars) and GPC (obtained number average molecular
weight, blue bars).
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polyesters. As visible in Fig. 7, through the recovery of the bio-
catalyst via the application of a permanent magnet, CaLB bound
magnetic nanoparticles has retained its activity over several
cycles of reaction; the % of monomer conversion was found to
be of 89% for the 2nd cycle and 87% for the 3rd cycle, therefore
being consistent with the 92% of the 1st reaction cycle. For what
concerns GPC analysis, the Mn of 5600 Da obtained for the 1st
cycle was higher than theMn of 4400 Da and 4200 Da for the 2nd
and 3rd cycle respectively (∼25%Mn reduction) (Table S1†). The
monitored 1H-NMR spectra and GPC charts of poly-
condensation progress over 3 cycles of reaction is reported in
ESI (Fig. S12).† Hence, as it is reported in the Fig. 7, it was
veried, in addition to what was previously proven by the
literature on different CaLB immobilized preparations,26,27 that
BMN maintain an excellent selectivity towards long-chain diols
and dicarboxylic acids for multiple reaction cycles, exploiting
good recyclability due to the retainment of the enzyme's activity
able to ensure high monomer conversion rate in poly-
condensation reactions.
Conclusion and future perspective

CaLB was successfully immobilized onto magnetic nano-
particles synthesized by co-precipitation method and enzyme
recyclability was tested using dimethyl adipate and 1,8-octane-
diol as building blocks for biocatalyzed synthesis of polyesters.

Results showed an efficient recyclability over three reaction
cycles able to ensure high monomer conversion rate and
molecular weights of polyesters; in fact, the tuning of magnetic
properties, achieved through the control of primary nano-
particle size, ensures efficiently magnetic recovering of the
catalyst (they can be easily separated from the products by an
ordinary magnetic device) and their reusability for several
reaction cycles. With this paper, the authors want to underline
how this not only could enhance the sustainability of enzymatic
410 | RSC Sustainability, 2025, 3, 403–412
processes with environmentally friendly processes (since toxic
catalysts and organic solvents are avoided) but also contributes
to cost-effectiveness and scalability in industrial applications.
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