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Preparation and characterization of stable core/
shell Fe;0,@Au decorated with an amine group for
immobilization of lipase by covalent attachment
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The self-assembly approach was used for amine decoration of core/shell FezO4@AuU with 4-
aminothiophenol. This structure was used for covalent immobilization of lipase using a Ugi 4-
component reaction. The amine group on the structure and carboxylic group from lipase can react in
the Ugi reaction and a firm and stable covalent bond is created between enzyme and support. The
synthesized structure was fully characterized and its activity was explored in different situations. The
results showed the pH and temperature stability of immobilized lipase compared to free lipase in a wide
range of pH and temperature. Also after 60 days, it showed excellent activity while residual activity for
the free enzyme was only 10%. The synthesized structure was conveniently separated using an external
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Introduction

Undoubtedly, one of the important branches in green and
sustainable chemistry is using enzyme catalysis that effectively
has a wide range of applications in food manufacturing, phar-
maceuticals, and catalysis."® As one of the most useful
enzymes, lipase can be introduced because of its unique ability
in the hydrolysis of carboxylic ester bonds in fatty acids with
high enantio- and regio-selectivity*® and polymerization reac-
tions.® The lack of thermal stability and pH resistance restrict
the performance of free lipase in industrial processes or some
reaction media. Besides, difficulty in separation and loss of
activity after recovery have remained as major limiting factors.”®
To overcome these restrictions, researchers have presented
immobilization of enzyme on supports through physical or
chemical adsorption,’ encapsulation,*® diffusion,™ etc. Immo-
bilization can improve the stability of the enzyme under hard
reaction conditions and leads to easy recovery and reusability of
the enzyme."” The method of immobilization and the kind of
support are key factors for achieving bio-structures that are
stable under acidic and basic conditions, have a high surface
area for raising enzyme loading, and minimize enzyme leach-
ing.">' Due to high enzyme loading, high mechanical strength,
and reduction of diffusion problems,'® various nanoparticles
and nanoporous structures such as magnetic nanoparticles,
nanoporous silicates,""” nanofibers,*® graphene oxide,* and
gold nanoparticles® were used for effective immobilization of
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magnetic field and reused 6 times without losing the activity of the immobilized enzyme.

enzymes. Because of individual bio-compatible properties,*>*
gold nanoparticles have been considered as an excellent
candidate for immobilizing the enzymes. Considering the high
cost of Au, the design and synthesis of its composite with other
useful structures such as cellulose nanocrystal/gold nano-
particle,* gold nanoparticle/polyurethane,* gold nanoparticle/
amine-functionalized Na-Y zeolite®® and gold/magnetite nano-
particles® have been implemented. It is worth mentioning that
by using gold/magnetic nanoparticles as support, besides the
low cost of composite, the difficulty in the separation of the
nanoparticles from reaction media is solved. The immobilized
substrates on the magnetic nanoparticle (Fe;0,) can be easily
separated from solution in the magnetic field and this property
makes them reusable. This unique character inspired
researchers for using Fe;O,@Au (core/shell) nanoparticle as
a support for immobilization of enzymes.

Anchoring of enzyme on the surface of Au in advantageous
way that does not reduce the activity, increase the stability of the
enzyme and prevents its leaching, is next challenge and guides
the scientists to use linkers which can connect enzyme and
nanoparticles by strong covalent bond. Based on several
evidences for strong interaction between Au and S,***® creation
of covalent gold-sulfur and synthesis of amine-decorated gold
nanoparticles can be introduced for modifying the Au surface.

In addition to stabilizing gold nanoparticles by the thiol
groups in RSH, the R group can be designed containing
different functional groups for special targets. Regard to the
presence of carboxylic acid group in lipase as selected enzyme in
this work, formation of N-C bond between amine and carbox-
ylic acid though Ugi four components reaction was chosen as
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Scheme 1 Functionalization of magnetic nanoparticles with lipase.

the best accessible way to anchoring the lipase on nanoparticle
surface. So 4-aminothiophenol was considered as superb linker
because of amine group for the connection to carboxylic acid in
lipase and thiol group for the connection to Au in gold nano-
particle. The created covalent bond leads to the strong attach-
ment of the enzyme to the support and decreases the leaching
of the enzyme during the reactions. This excellent performance
in reusability is the superiority of covalent bonds compared to
electrostatic bands. In this work, immobilization of the enzyme
using covalent bonds will carry out on the magnetic nano-
particle coated by gold. Less leaching of the enzyme through
firm covalent bond and easy separation via magnetic nano-
particle core are the main advantages of this structure.

Subsequently, the synthesis of Fe;O,@Au and its decoration
with 4-aminothiophenol as support for lipase was defined as
a goal in this project (Scheme 1). The obtained bio-structure
through immobilization of lipase on amine-decorated Fe;O,@Au
nanoparticles exhibits easy separation, bio-compatibility, the lack
of leaching, and stabilization of enzyme in reaction media.

Results
Characterizations

Fe;0, nanoparticles were synthesized and coated by an Au layer.
Based on Au-S interactions, 4-aminothiophenol was embedded
on the nanoparticles, and by Ugi's four-component reaction, the
lipase enzyme was immobilized on these gold-coated magnetic
nanoparticles. The UV-Vis absorption spectra of the as-
synthesized Fe;0,4, Au, and core/shell Fe;O,@Au nanoparticles
showed different adsorption properties as illustrated in Fig. 1. A
decrease in UV absorption was observed in the range of 300-
800 nm for Fe;O, NPs which was in agreement with previous
literature.*”

The UV-Vis absorption spectrum of Au nanoparticles dis-
played an absorption band at 520 nm which was shifted to
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570 nm at core/shell Fe;O,@Au NP. This red-shift is because of
the surface plasmon resonance property of the Au shell which
has been reported by previous researches.”®*

The FT-IR spectra of Fe;0,, Fe;0,@Au, Fe;0,@Au-NH,, and
Fe;0,@Au-NH-E were recorded to confirm the successful
synthesis of each compound (Fig. 2). The characteristic bands
for Fe;0, NPs in 580, 1830, and around 3400 cm ™" are attrib-
uted to Fe-O, H-O-H bending and O-H stretching vibrations,
respectively.*® These bands exist in Fe;0,@Au, Fe;0,@Au-NH,,
Fe;0,@Au-NH-E spectrum that indicates the stability of nano-
magnetic particles during the syntheses steps. After function-
alization of Fe;O,@Au with 4-aminothiophenol, two bands at
1262 and 1589 cm™ ' corresponds to N-H bending and C-N
stretching, respectively, were observed in the FT-IR spectrum of
Fe;0,@Au-NH,. The appearance of the band at 1736 cm™" after
Ugi reaction in the FT-IR spectrum of Fe;O,@Au-NH-E is
attributed to the carbonyl group of the lipase enzyme.
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Fig. 1 UV-Vis absorption spectra of the Au, FesO4 and FezO4@Au
nanoparticles.
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Fig. 2 FT-IR spectrum of FezOy,
FesO4@Au-NH-E.

Fego4@AU, Fe304@AU -N Hz,

The magnetic property of the biocatalyst was investigated
using a vibrating sample magnetometer (VSM) (Fig. 3). A slight
decrease in magnetic property was observed in Fe;O,@Au and
Fe;0,@Au-NH-E in comparison with Fe;O, that is due to the
diamagnetic layer of Au and lipase on the nano-magnetic
nanoparticles. However, it should be noted that the magnetic
property in biocatalyst was completely enough for the separa-
tion of biocatalyst from reaction media.

The change of surface morphology upon immobilizing of
lipase was surveyed using atomic force microscopy (AFM) (Fig. 4,
Table 1). The results in Table 1 and the images of the surface
(Fig. 4) verified the higher roughness in Fe;0,@Au-NH-E
compared to Fe;0,@Au and Fe;O,@Au-NH, which confirmed
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Fig. 3 VSM curves of FezOg4, Fes04@AU and FezsO4@AU-NH-E.
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the successful immobilization of enzyme on the structure. These
results are in accordance with the previously reported results.*

The thermograms of Fe;O,@Au, Fe;0,@Au-NH,, and
Fe;0,@Au-NH-E are presented in Fig. 5. As can be seen, up to
330 °C, the solvent and unreacted organic compounds adsorbed
on the surface have been removed. In Fe;O0,@Au-NH-E, weight
loss attributed to the decomposition of loaded enzyme. The
residual part in the curves illustrates that for Fe;O,@Au we have
the maximum amount and for Fe;0,@Au-NH-E. There isn't any
specific weight loss after 450 °C.

Also, the amount of Au loaded on the surface of Fe;O, was
determined by ICP analysis and showed a value of about 0.096
mmol,, g for Fe;0,@Au.

TEM images and particle size distribution curve for Fe;0,@Au
and Fe;O,@Au-NH-E are presented in Fig. 6. The images don't
display remarkable change in the morphology and sphere struc-
ture of the particles indicating the stability of the particles and the
lack of agglomeration during the reaction. The size of the parti-
cles showed a slight increase after functionalization of the
magnetic nanoparticle with lipase which related to functional
groups and the presence of lipase on the structure.

Optimization of lipase immobilization through Ugi reaction

The Ugi reaction is a four-component reaction including amine
group (from Fe;0,@Au-NH,), carboxylic acid group (from
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Fig. 4 AFM analysis for (a) FesO4@Au, (b) FesO4@Au-NH, and (c)
FesO4@AU-NH-E.
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Table 1 Comparison between this work and previous researches
Entry pH stability, activity Temperature stability, activity Storage stability, activity Recyclability, activity Ref.
1 pH = 4, 10% T = 75 °C, 40% 7 cycles, 20% 32
pH = 10, 10%
2 PH = 5, 10% — — 7 cycles, 70% 33
pH = 11, 5%
3 — — 75 days, 90% 10 cycles, 70% 34
4 pH = 5, 70% T = 80 °C, 30% 30 days, 90% 35
PH = 9, 60%
5 pH =4, 20% T =90 °C, 85% 60 days, 80% 5 cycles, >90% This work
pH =9, 85%
100 the amount of unloaded enzyme from the initial enzyme value.
98 Fe304@Au Based on the obtained results, using 15 mg formaldehyde, 25 uL
Fe304@Au-NH2 tert-butyl isocyanide, and 1 mL lipase (5 mg mL ™) led to 82.3%
% Fe304@Au-NH-E enzyme loading on 10 mg of Fe;O,@Au-NH, and which were
94 chosen as optimized conditions for the synthesis of Fe;O,@Au-
92 NH-E.
O
é: 90 o .. .rs
= Stability of Fe;0,@Au-NH-E in different conditions
‘o 88
§ By considering the deactivation of the enzyme under different
86 conditions, the effect of several factors including temperature,
84 pH, and storage time on the stability of the enzyme was
82 explored (Fig. 7). The results of the temperature stability in the
range of 40-90 °C are presented in Fig. 7a and the best activity
80

50 250 450

Temperature °C

650 850

Fig. 5 TGA curves for FesO4@QAuU, FesO4@QAU-NH, and FesO4@AU-
NH-E.

lipase), formaldehyde, and tert-butyl isocyanide. The amount of
every component can affect the amount of enzyme loading. To
obtain the maximum loading, different amounts 00066 each
component were applied in the Ugi reaction (Table 2), and the
amount of unloaded enzyme was measured by Bradford assay in
each reaction. The loaded amount was calculated by subtracting
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Fig. 6 TEM images and particle size distribution curve for (a and ¢)
FezO4@Au and (b and d) FesO4@Au-NH-E and.
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was observed for Fe;O,@Au-NH-E at 60 °C. In the whole
investigated range, the immobilized lipase showed a better
performance ratio than free enzyme which refers to the lack of
movement of lipase and improvement of stability. The covalent
bonds between support and lipase protect it from denaturation
in high temperatures. Furthermore, pH checking at the range of
4-9 demonstrated that in the range of 4-6.5 the activity for
Fe;0,@Au-NH-E is higher than that of the free enzyme (Fig. 7b).
The better performance of the immobilized enzyme in acidic pH
makes it so suitable for the reactions carried out in acidic
conditions. The storage stability of immobilized enzyme was
also investigated (Fig. 7c). After 30 days, a significant loss in
activity was not observed and after 60 days, the immobilized
enzyme lost just 20% of its initial activity, while the free enzyme
lost 90% of its activity, indicating that the constructed covalent
bonds created a stable environment for lipase. Besides these
excellent stabilities in temperature, pH, and storage, the
important factor in enzyme immobilization is the reusability of
the obtained structure. In this view, considering the presence of
magnetic nanoparticles in the core of the structure, Fe;0,@Au-
NH-E was easily and efficiently separated by an external magnet
and reused 6 times. As it is shown in Fig. 7d, even after the fifth

Table 2 Kinetic parameters of free and immobilized lipase

Vimax (MM min ") K (mM)
Free lipase 3.15 3.01
Immobilized lipase 3.04 3.82

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cycle, the lipase activity in the sixth cycle is higher than 95%
indicating the lack of leaching for lipase based on firm covalent
bonds.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Clearly, less sensitivity and more stability for Fe;0,@Au-NH-
E compared to the free enzyme in the wide range of pH,
temperature, and storage has been observed, which can be
explained by strong covalent bonds and a stable environment
for lipase on the support. Putting these individual perfor-
mances in harsh situations together with so effortless separa-
tion in the magnetic field without loose of activity provided
a structure which can be so useful in industry part.

To survey the role of covalent bond in Fe;O,@Au-NH-E,
a different biostructure using electrostatic interactions
between enzyme and support was synthesized (Fe;0,@Au-E)
and its activity in the same conditions was tested. Based on
the results, Fe;O,@Au-E showed good activity ratio than
Fe;0,@Au-NH-E but it didn't display good performance in the
next cycles (Fig. 7d). Testing of buffer solution after separation
of Fe;0,@Au-E using Bradford assay revealed the presence of
the loaded enzyme in the solution. It seems the release of the
enzyme from the support in Fe;O,@Au-E through electrostatic
interaction is the reason for losing activity.

Comparison between this work and previous work which
used the covalent bond between support and enzyme was pre-
sented in Table 1. The results confirmed the good performance
of synthesized bio-composite compared to similar systems in
pPH, temperature, storage stability, and recyclability.

The Michaelis constant (K;,) and the maximum reaction
velocity (Vimay) Of free and immobilized lipase were measured
and compared together. The Michaelis-Menten and Line-
weaver-Burk plots were displayed in Fig. 8 and the values of K,
and V. were summarized in Table 2. According to the ob-
tained results, immobilized lipase showed a little increase and
decrease values of K;,, and V., respectively. Generally, this
phenomenon is observed due to strong enzyme immobilization
to support which lead to cover some active sites and diffusional
limitation of the substrates to them.*®

Experimental
Methods

The UV-Vis diffuse reflectance spectra of the samples were
recorded by a JASCO V-670 spectrophotometer. Transmission

24
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Fig. 8 Michaelis—Menten and Lineweaver—Burk plots of free and
immobilized lipase.
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electron microscopy (TEM) was carried out on a Philips CM10
analyzer operating at 100 kV. Fourier transform infrared (FT-IR)
spectroscopy was recorded in the range 4000-400 cm ' on
a JASCO FT-IR 6300 spectrometer. Vibrating sample magne-
tometer (VSM) measurement was measured using a SQUID
magnetometer at 298 K (Quantum Design MPMS XL) in the

magnetic field intensity (H) range of —8500 to +8500 Oe.

Synthesis of Fe;0, nanoparticles

Fe;0, nanoparticles were synthesized through the chemical co-
precipitation method.*”?** FeCl,-4H,0 (2 g, 0.01 mol) and
FeCl;-6H,0 (5.4 g, 0.02 mol) were completely dissolved in HCI
10 mM (25 mL) which was deoxygenated with argon before-
hand. The mixture was added to deoxygenated NH; 1.5 M (250
mL) and kept at 80 °C for 30 min under vigorous mechanical
stirring and argon gas protection continuously. Completely the
reactions were carried out under an ultrasonic bath. The ob-
tained black Fe;O, NPs were easily separated from reaction
media by a magnetic field and washed with double distilled
water.

Synthesis of core/shell Fe;0,@Au nanoparticles

The obtained Fe;O, NPs were dispersed using an ultrasonic
bath in tetramethylammonium hydroxide (TMAOH) 0.1 M (250
mL) to prepare a stock solution. A 7.5 mL portion of the stock
solution was added to 140 mL deionized water and after the
addition of sodium citrate 0.1 M (7.5 mL), the mixture was
stirred for 15 min. Then, NH,OH-HCIl 0.2 M (750 pL) and
HAuCl, 1% (v/w) (625 L) were added to the mixture and the
mixture was stirred for 3 h. Changing the color of the mixture
from black to red confirmed the covering of Fe;O, NPs by Au
nanoparticles. The synthesized core/shell Fe;O,@Au nano-
particles were separated using a magnetic field and rinsed with
double distilled water three times.*

Functionalization of core/shell Fe;0,@Au nanoparticles with
4-aminothiophenol (Fe;0,@Au-NH,)

Considering the self-assembly of the Au and thiol group, 4-
aminothiophenol (1.84 g) was dissolved in deoxygenated
ethanol (1 mL) and then, the core/shell Fe;0,@Au (1.32 g)
nanoparticles dispersed in H,O was added to this solution. The
mixture was stirred for 30 min under argon gas and kept stable
for 24 h at room temperature. The modified nanoparticles were
separated by a magnetic field, washed with ethanol three times,
and dried in a vacuum oven at 100 °C for 24 h.

Preparation of bio-catalyst (Fe;0,@Au-NH-E)

Immobilization of lipase on functionalized Fe;O,@Au-NH,
nanoparticles was carried out using Ugi's four components
reaction as a perfect way. The Fe;O,@Au-NH, nanoparticles
(300 mg) and formaldehyde (45 pL) were mixed in a 15 mL
phosphate buffer and stirred for 30 min. After adding the lipase
(15 mg mL~") and stirring for 30 min, tert-butyl isocyanide (75
pL) was added and the mixture was stirred for 24 h at room
temperature. The obtained solid was separated with a magnet,
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washed with buffer several times, and dried in a vacuum oven at
25 °C for 24 h.

Preparation of Fe;O,@Au-E

300 mg Fe;0,@Au nanoparticle was reacted with lipase (15 mg
mL ") in 15 mL phosphate buffer and stirred for 24 h at room
temperature. The resulting solid was washed with phosphate
buffer and dried in vacuum conditions for 24 h.

Lipase activity assay

The hydrolysis of ester catalyzed by free lipase and immobilized
one was selected to evaluate the activity of the enzyme.** Two
stock solutions were prepared: (a) 90 mg p-nitrophenyl palmi-
tate (p-NPP) in 30 mL 2-propanol was dissolved thoroughly
using an ultrasonic bath, (b) 0.4 mL Triton X-100 and 0.1 g
Arabic gum were added to 90 mL HCI buffer (50 mM, pH = 8).
5 mL solution a, 45 mL solution (b) and 1 mL enzyme solution
(0.1 mg mL ") were mixed at 37 °C. the solution was monitored
every 5 min at 405 nm. For bio-composite, the loaded enzyme
was determined using the Bradford method and an appropriate
amount of composite was used for investigating enzyme
activity.

Stability investigation

For pH stability, every sample has been kept in HCI buffer with
different pH for 1 hour before activity assay. Temperature
stability was carried out by keeping the samples in different
temperatures for 1 hour before the activity assay.

Conclusions

In summary, a new magnetic nanoparticle-based support was
designed and decorated by an amine group for the creation of
covalent bonds between lipase and support using a Ugi reac-
tion. The magnetic nanoparticles were covered by Au and based
on a firm Au-S bond, 4-aminothiophenol embedded on the
surface and Au shell mobilized by an amine group. Considering
the carboxylic acid in the lipase structure, the Ugi-4 component
was used for grafting the enzyme on the amine group from the
Core/Shell Fe;O,@Au nanoparticles. The immobilized lipase
presented high activity ratio than free enzyme in a wide range of
temperature and pH and was completely stable after 60 days.
The separation of this bio-structure was carried out conve-
niently in the external magnetic field without loss of activity for
6 cycles. The mentioned advantages and stability of this struc-
ture make it proper for use in the industry.
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