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ARTICLE INFO ABSTRACT
Keywords: Immobilization of enzymes is one of the protein engineering methods used to improve their
Pectinase thermal and long-term stabilities. Immobilized pectinase has become an essential biocatalyst for

Enzyme immobilization
Magnetic nanoparticles
Cross-linking

optimization in the food processing industry. Herein, nanostructured magnetic nanoparticles
were prepared in situ for use as supports to immobilize pectinase. The structural, morphological,
optical and magnetic features and the chemical compositions of the nanoparticles were charac-
terized. Nanoparticle agglomeration and low porosity were observed due to the synthetic con-
ditions. These nanoparticles exhibited superparamagnetic behavior, which is desirable for
biotechnological applications. The maximum retention rate for the enzyme was observed at pH
4.5 with a value of 1179.3 U/mgNP (units per milligram of nanoparticle), which was equivalent
to a 65.6% efficiency. The free and immobilized pectinase were affected by the pH and tem-
perature. The long-term instability caused 40% and 32% decreases in the specific activities of the
free and immobilized pectinase, respectively. The effects of immobilization were analyzed with
kinetic and thermodynamic studies. These results indicated a significant affinity for the substrate,
a decreased reaction rate, and improved thermal stability of the immobilized pectinase. The
reusability of the immobilized pectinase was preserved effectively during cycling, with only a
21.2% decrease in activity observed from the first to the last use. Therefore, alternative magnetic
nanoparticles are presented for immobilizing and maintaining the thermostability of pectinase.
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1. Introduction

Enzymes are macromolecular proteins that accelerate biochemical reactions [1]. They are classified into various categories ac-
cording to their molecular activities, such as oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases [2]. Pectinase is
an enzyme that breaks down pectin, a complex carbohydrate found in the cell walls of plants [3]. In the food industry, pectinase is used
to improve the textures and clarities of fruit juices, wine, and beer via removal of haze-causing proteins and polysaccharides [4,5] as
well as in the production of jams and jellies to disintegrate pectin and create a smoother consistency [6].

For industrial application, the lack of reusability and enzyme instability must be overcome, since they result in higher production
costs [7]. Different protein engineering technologies, such as stereoselectivity, chemoselectivity, and regioselectivity, have been
developed to optimize long-term stability [8]. Immobilization can address these challenges by linking the enzyme to a support matrix
to ensure improved performance, rapid recovery, and reutilization [9]. Enzyme immobilization has been used successfully for several
decades [10]. However, in the twenty-first century, new matrixes and methods are still required to enhance the catalytic capabilities of
enzymes. These qualities, which provide better yields of the intended products, include selectivity, specificity, and decreased inhi-
bition [11]. According to the literature, nanoparticles are used as improved immobilization matrixes due to their high surface areas
and high mass transfer capacities, and they are easily recovered by applying a magnetic field [12].

A decline in enzymatic activity can be avoided by using the immobilization procedure, which consists of adsorption, covalent
bonding, cross-linking, and nanoparticle immobilization. Literature reports indicate that when an enzyme is attached to a nanoparticle
surface in an aqueous medium, the enzymatic activity is enhanced due to the Brownian motions of the nanoparticles. The collisions
created by these movements could increase the reaction rates [13,14]. Moreover, magnetic nanoparticles have been researched to
reuse enzymes due to their biocompatibility [15]. However, the residual activity of the immobilized enzyme can be affected by enzyme
inactivation after the recycling process [16]. Numerous enzymes have been immobilized on Fe304, including cholesterol oxidase,
laccase, amylase, lipase, and pectinase [17,18]. However, nanoparticle enzyme-based systems have been applied in a variety of
processes, including the production of biofuels, bioremediation, and starch degradation, among others [19-21]. The
magnetic-chitosan system has attracted interest for decades due to its versatility and broad application range. Because of its high
magnetic susceptibility and saturation magnetization, Fe3O4 (magnetite) is the most frequently utilized magnetic material in
biotechnology and related fields [22,23]. However, as an alternative to magnetite, Fe;O3 (ferric oxide) is an ideal material for the
biomedical and biotechnology sectors. y-FeO3 (maghemite) is one of the four polymorphic forms of ferric oxide. Maghemite has
mainly been employed in medical treatments, with applications including magnetic hyperthermia, in vitro diagnostics, and drug de-
livery [24,25]. Additionally, the Food and Drug Administration (FDA) of the United States and Europe has approved the use of
superparamagnetic nanoparticles for these purposes [26]. Immobilized enzymes are used as sweeteners (p-glucose), antioxidants
(lipase B), and cocoa butter equivalents (lipase from RM), among other applications [27].

This study employed an innovative approach to create superparamagnetic nanobiocatalysts directly within a chitosan matrix.
Extensive characterization was conducted to evaluate the structural, morphological, magnetic, and optical properties of these
nanobiocatalysts. Subsequently, these nanoparticles were utilized to immobilize pectinase, and the impacts of various factors, such as
the pH, temperature, time, and reusability, were investigated. Through kinetic and thermodynamic analyses, valuable insights were
obtained into the nanocatalytic activity resulting from the synthetic process. The comprehensive findings obtained from this research
underscore the remarkable potential for use of synthesized magnetic nanoparticles as an exceptionally effective support matrix for
pectinase in the fruit processing industry.

2. Experimental section
2.1. Materials

Chitosan (M,, = 190-310 kDa, deacetylation degree of 75-85%), iron (III) chloride hexahydrate (FeCl3-6H20), iron (II) chloride
hexahydrate (FeCl2-6H20), glutaraldehyde (GA, OHC(CH3)3CHO, 25% v/v), ammonium hydroxide solution (NH4OH, 25 wt%),
methanol (CH40), acetic acid (CH3CO-H), hydrogen peroxide solution (HxO2, 30% w/w), sodium hydroxide (NaOH), 3-APTES (HoN
(CH32)3Si(OC2Hs)3), pectinase, monobasic potassium phosphate (KHyPOj4), dibasic potassium phosphate (KoHPO4), 3,5-dinitrosalicylic
acid ((O2N)2CgHa-2-(OH)CO2H) and Bradford’s reagent were obtained from Sigma-Aldrich.

2.2. Synthesis of the magnetic nanoparticles

The magnetic nanoparticles (labeled MNPs) were prepared in two steps. First, 3 g of chitosan was dissolved in 100 mL of a 2% (v/v)
acetic acid solution with continuous stirring. Subsequently, 0.4 mL of a 25% glutaraldehyde (GA) solution was added. After 24 h, a
chitosan hydrogel was formed. In the second step, 8.34 g of FeCl3 and 3.08 g of FeCl, were dissolved in 100 mL of deionized water, and
the pH was adjusted to 1 with HCL. This solution was added to the hydrogel. Next, 100 mL of a NaOH solution (1.25 mol/L) was added
to provide the magnetic nanoparticles. Finally, 100 mL of 8% (v/v) HO- in acetic acid was added to the degraded chitosan. The MNPs
were separated by magnetic decantation after several washes with deionized water until the pH became neutral (pH 7). However,
Fe304 nanoparticles are unstable and prone to oxidation. Therefore, the MNPs were calcined in air to form maghemite (y-Fe;Os),
which was stable [28]. The following Eq. (1) and Eq. (2) describe the process:



D.E. Navarro-Lopez et al. Heliyon 9 (2023) 19021

Fe™3 + Fe? 2 Fe,0, + 4H,0 @
Fe;04+2H" =y — Fe,05 + Fe™ + H,0 2)

2.3. Nanoparticle characterization

The crystal structure of the MNP powder was characterized by X-ray diffraction (XRD) using an Empyrean diffractometer (PAN-
alytical) with a Cu anode (A = 1.5406 A). The XRD patterns were obtained from 20° to 60° (20) with a 0.01° step size. Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy was employed to assess the presence of organic matter in the MNPs.
ATR-FTIR spectra were recorded in the 4000-400 cm ™! range using an IRAffinity-1S (Shimadzu) spectrometer. The morphology of the
MNPs was investigated with field emission scanning electron microscopy (FESEM, Hitachi, SU3500) operated at 15 kV and equipped
with an Aztec X-Max (Oxford) energy dispersive X-ray spectrometry (EDS) system. The specific surface areas (SBET) were determined
with the Brunauer-Emmett-Teller (BET) method and a Nova 4200e system (Quantachrome). The magnetic properties of the nano-
particles were determined with a Physical Properties Measurement System MS2024 (Mettler) in a mode-vibrating sample magne-
tometer (VSM) with applied fields of —20.0 to 20.0 kOe at room temperature. The optical properties were investigated with absorption
spectra obtained with a Cary-5000 UV-vis (Agilent Technologies) spectrometer equipped with a polytetrafluoroethylene (PTFE)
integration sphere. X-ray photoelectron spectroscopy (XPS) (Thermo Scientific, K-Alpha) was performed with a monochromatic Al Ka
source (hv = 1486 eV) to determine the bonding states of the MNPs. All spectra were calibrated with the C 1s signal at 284.8 eV, which
was produced by adventitious carbon. The Fe 2p and O 1s core levels were determined at 90° with a pass energy of 15 eV.

2.4. Functionalization of the magnetic nanoparticles

One gram of the MNPs was ultrasonicated in 50 mL of methanol for 1 h. After that, 3 mL of ammonium hydroxide (25 wt%) was
added and ultrasonicated for 30 min. Then, 2 mL of 3-APTES was incorporated, and the solution was kept under continuous stirring at
50 °C for 9 h under reflux to prevent methanol evaporation. The MNPs were recovered with magnetic decantation and washed with
deionized water until the pH became neutral.

2.5. Pectinase immobilization and activity assay

Enzymatic coupling and glutaraldehyde crosslinking were used to immobilize pectinase. The MNPs were incubated with 3%
glutaraldehyde (GA) for 4 h, washed with distilled water three times, and separated by magnetic decantation (Scheme 1). The resulting
MNPs were incubated at different pHs (4.5, 5, 6, 7, and 8) at 30 °C for 24 h with 1800 units of pectinase enzyme and stirring at 150 rpm.
The MNPs-pectinase nanocatalyst was separated with a magnet and used for total protein quantification with the Bradford assay. The
retention percentage was calculated based on the free protein before and after immobilization, and MNPs-pectinase was subjected to
enzyme analysis. The pectinase activity was determined by spectrophotometrically measuring the p-galacturonic acid liberated from
pectin at 595 nm with dinitrosalicylic acid. The effect of pH (4-8) at 30 °C, time (0-120 h) at 30 °C, temperature (25-55 °C), and
reusability of the free and immobilized enzyme were analyzed separately by incubation at 30 °C.

3. Results and discussion
3.1. Structural and morphological characterization of the MNPs
The XRD patterns of the MNPs prepared in situ are shown in Fig. 1a. The peaks at 30°, 35°, 39°, 43°, 53°, and 57° corresponded to

the (220), (311), (321), (400), (422), and (511) planes, which were consistent with JCPDS card No. 39-1346 for y-Fe;O3. The XRD
pattern showed broad diffraction peaks, indicating the formation of nanoparticles. The crystal system of y-Fe;Os is cubic with lattice
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Scheme 1. Schematic representation of pectinase immobilization on magnetic nanoparticles.
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parametersa = b = ¢ = 8.29 A, « = p = y = 90°, and space group P4132. The average crystallite size was calculated using Scherrer’s
formula [29], resulting in 10 + 2 nm. These results were evaluated with the position of the diffraction peak of the (311) plane.

FTIR spectroscopy was used to determine the functional groups present in pure chitosan and the MNPs (Fig. 1b). The absorption
bands for chitosan appeared at ~3274 cm™! (O-H, N-H stretching vibrations), ~2923 cm ™! (C-H, stretching vibrations), ~1651 to
1541 cm™ ! (N-H, bending vibrations), ~1430 cm~! (C-0 stretching vibration), ~1362 cm ! (C-N, stretching) and ~1060 em !
(C-0-C, stretching vibrations) [30,31]. For the MNPs, the peak at 585 cm~! was related to the Fe-O bond [32]. Strong absorption
bands were located at ~1574 cm™', ~1398 cm™ !, and ~1024 cm ™!, which corresponded to the amide II peak and —~CH, and —-CHj3
peaks for the epoxy groups of GA. Additionally, FE-SEM and EDS were used to determine the morphology and composition of the MNPs
(Fig. 1¢). An acetic acid/H303 solution was used to break down the chitosan, as described in the synthetic process. Specific chitosan
residues persisted on the nanoparticle surfaces (Fig. 1b). The chitosan matrix was primarily responsible for the aggregated MNPs, as
seen from the high-magnification FESEM image (Fig. 1c). The average grain size was calculated in 29 + 5 nm (inset Fig. 1C, grain size
distribution). Fe, O, and C were found in the sample, as seen in the EDS layered picture and individual maps (Fig. 1d), which depicted
uniform distributions of Fe and O and some traces of C at this level. Finally, the EDS spectrum (Fig. 1e) showed an elemental
composition of Fe (52.1%), O (26.3%), and C (21.6%).

Fig. 2 shows the Ny adsorption and desorption isotherms and (insets) the pore-size distributions of the MNPs and pectinase-MNPs.
Fig. 2a demonstrates that the base material, i.e., without pectinase, exhibited type IV Ny adsorption and desorption isotherms, as per
the International Union of Pure and Applied Chemistry (IUPAC) classification [33]. These isotherms suggested the absence of a
discernible monolayer, indicating that the adsorbed molecules formed clusters around the most favorable surface sites. The specific
surface area of the base material was determined to be 31.15 m?/g based on the BET method. The samples exhibited type H3 hysteresis
loops predominantly, indicating that wedge-shaped pores were the primary pores present in the sample. Fig. 2a (inset) shows the pore
size distribution based on the Barrett-Joyner—Halenda (BJH) model. A narrow pore size distribution with a maximum peak at
approximately 3 nm indicated that the sample was a microporous and mesoporous material. Fig. 2b shows the adsorption-desorption
isotherm and pore-size distribution (inset) of the material containing pectinase. There was no noticeable difference with respect to the
base material without pectinase (SBET = 31.2 mz/g).
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Fig. 1. Structural and morphological characterization of the MNPs and chitosan; a) XRD pattern, b) FTIR spectra, ¢) FE-SEM image, d) EDS layered
image, e) EDS spectrum and elemental maps of the MNPs.
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Fig. 2. Nitrogen adsorption and desorption isotherms and (inset) pore-size distributions of the a) MNPs and b) pectinase-MNPs.
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3.2. Magnetic properties of the MNPs

The magnetic properties of the MNPs and bare nanoparticles (BP) were determined by VSM at room temperature (Fig. 3). The mass
saturation magnetization (M;) of the MNPs was 22.7 emu/g, which was than the 67.02 emu/g observed for the bare nanoparticles. The
decreased M; value was due to the presence of nonmagnetic materials, such as carbon, which weakened the magnetic properties. The
magnetization curves for the bare and in situ prepared nanoparticles did not exhibit hysteresis, which was consistent with formation of
the superparamagnetic material required for biotechnological and medical applications. The MNP suspension is shown in the inset
(Fig. 3) both before and after exposure to an external magnet, which indicated the potential for reuse of the MNPs and demonstrated
their sustainability.

3.3. Optical properties of the MNPs

UV-visible absorption spectroscopy was utilized to analyze the optical properties of chitosan and the MNPs (Fig. 4). The band gap
(Eg) of the MNPs was computed from the absorbance information with the Kubelka-Munk function according to Tauc’s relation. The
values measured for the MNPs and chitosan were Eg = 2.15 eV and Eg = 3.1 eV, respectively, which were consistent with previously
published values. Due to the lack of conjugated double bonds in the chitosan structure, the sample did not exhibit absorbance bands in
the 420-1200 nm region [34]. In addition, the MNPs displayed substantial visible-wavelength absorption (Fig. 4a). The maximum
absorbance wavelength was related to the n—n* transition of C]O groups [35]. Based on the Eg value for the MNPs, the relative energies
of the valence band (VB) and conduction band (CB) were calculated [36], and the values were 0.3 and 2.44 eV, respectively (Fig. 4b).

3.4. Surface analyses with X-ray photoelectron spectroscopy

Fig. 5 shows the low- and high-resolution XPS spectra for the MNPs. Fig. 5a displays the spectrum from which it was possible to
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Fig. 4. a) UV-Vis absorption spectra for chitosan and the MNPs and b) band gaps estimated with the Kubelka-Munk function.
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observe peaks related to the different core levels of the elements present in the sample. The presence of iron (Fe) and oxygen (O) was
consistent with the elemental composition of the MNPs. The presence of carbon could be associated with organic residues from the
synthetic process or adventitious carbon due to exposure of the sample to the environment. The high-resolution XPS spectra were
deconvolved using Analyzer software to determine the chemical states on the nanoparticle surface [37]. In particular, the Fe 2p core
level showed a stepped background and complex characteristics that were difficult to deconvolute (Fig. 5b). However, through proper
background analysis, it was possible to identify the chemical components and the oxidation states of iron. A Shyrley-type background
enabled reproduction of both sides of the Fe 2p core level. It was necessary to use four doublet peaks in fitting this region. The first two
peaks, centered at 709.45 eV and 711.82 eV, were related to the Fe?" and Fe®" oxidation states [38]. The satellites centered at 715.0 eV
and 718.95 eV were fingerprints of the Fe?* and Fe3" oxidation states [39]. Fig. 5¢ shows the O 1s core level, which was fitted with
three single peaks. The first peak centered at 529.74 eV was associated with O?>~ ions in an FeOx structure, while the peak at 531.0 eV
was associated with OH radicals, and the third was associated with O-C bonds. The C 1s core level (Fig. 5d) was fitted with three single
peaks, which were related to C-C bonds (284.8 eV), C-O bonds (286.38 eV), and C]O bonds (288.61 eV). The presence of the Fe?" and
Fe3* ions confirmed the formation of Fe;O3 and Fe30y, as revealed by the XRD analysis. However, it is worth noting that the Fe?*:Fe3t
ratio was 2:1.

3.5. Catalytic properties of free and immobilized pectinase

The purpose of immobilizing pectinase on the surfaces of the nanoparticles was to achieve optimal conditions for industrial
application of the immobilized rather than free pectinase. Parameters such as the pH, temperature, time, and reusability were studied
(Fig. 6). The Fourier transform infrared (FTIR) spectra of the pectinase and immobilized pectinase (IPE) are shown in Fig. 6a. The
characteristic peaks for pectinase included those for the -NH; (~3500 cm ™) and ~COOH vibrations. The stretching vibrational bands
for the carboxyl groups were observed at ~2930 (—OH) and ~1650 em™! (—C=0) in the pectinase spectrum. According to the
literature, GA and the enzyme form a Schiff base with a C]N group (~1650 cm-1) [40]. Additionally, the shifted positions of the peaks
for the immobilized pectinase indicated successful bonding between pectinase and the MNPs [41]. Maximum retention of the enzyme
was observed at pH 4.5 with 1179.3 U/mgNP (units per milligram of nanoparticle) (Fig. 6b). The strongest catalytic performance
occurred under strongly acidic conditions for the free and immobilized pectinase, specifically at a pH of 5 (Fig. 6¢). Beyond this pH, the
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specific activity of the free pectinase gradually decreased to 0.184 UA/mg at pH 8. However, the immobilized pectinase retained its
maximum specific activity at pH 5 and 6 (0.32 UA/mg). Beyond these values, the activity dropped to nearly 50% lower than that at pH
5. The free pectinase displayed higher specific activity across a wider range of pH values than the immobilized pectinase, indicating
that the activities of both enzymes were affected by the pH. When comparing the activities of enzymes, thermal stability is a crucial
consideration. A temperature range of 25 °C-55 °C was used in this analysis (Fig. 6d). Free and immobilized pectinase exhibited
maximum activities at 45 °C (0.47 and 0.35 UA/mg, respectively). The activity of the free enzyme at 45 °C was almost double that seen
at room temperature. However, at 55 °C, this activity fell by 5%. Similar behavior was seen with the immobilized enzyme. Again, the
activity increased at all temperatures examined when free pectinase was present. The long-term stabilities of the free and immobilized
enzymes were analyzed over 120 h (Fig. 6e). The specific activity of the free pectinase decreased by 40% from the initial value. In
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contrast, the immobilized pectinase showed a reduction of 32%. The reusability of an enzyme in an industrial process reduces the
production costs. However, reutilization of the free pectinase was not possible. Instead, the specific activity of the immobilized
pectinase was reduced by only 20% after 4 cycles (from 0.32 to 0.25 UA/mg) (Fig. 6f).

3.6. Effects of immobilization on the kinetic and thermodynamic parameters of pectinase

The kinetic parameters for the free and immobilized pectinase were determined at pH 5 and 30 °C using the Lineweaver-Burk
model [42]:

1 K, (1 1
P — 3
%0 Vi (S> Vo 3)

where vy is the initial velocity of an enzyme reaction, K, is the Michaelis constant, Vi, is the maximum velocity of the reaction, and S
is the substrate concentration. From Eq. (3), the obtained values for the immobilized enzyme were Vy,,x = 0.41 U/mg and K;;, = 6.52 g/
L, and for the free enzyme Vpnax = 1.07 U/mg and K, = 17.65 g/L. The decrease in K, for the immobilized enzyme indicated a higher
substrate affinity [43]. The observed increase in the substrate affinity could have resulted from better access to the active sites
facilitated by immobilization [44]. On the other hand, the lower value of V. in the case of the immobilized enzyme was associated
with stronger diffusional restrictions, i.e., the reaction could become a diffusion-limited process after immobilization. This is prin-
cipally related to the structure (agglomerated nanoparticles), as shown with FE-SEM.

The thermal stabilities of the free and immobilized pectinase were analyzed at 36 °C for 120 h, and the kinetic and thermodynamic
parameters were calculated. Based on the Arrhenius method, the deactivation energy (Eq. (4)) was obtained with the following
equation [45]:

ky = AeT “

where kg is the deactivation rate constant, A is a constant, E; is the deactivation energy, R (8.314 x 103 kJ mol~* K1) is the universal
gas constant, and T is the absolute temperature. The time required for the enzyme to show a decrease to 50% of the initial activity (half-
life) is t;,2 = In 2/k. With the value of t;,» for immobilized/free enzyme, it was possible to obtain the stabilization factor (SF). The
thermodynamic parameters for both pectinases were calculated as follows [46]:

AH =E; — RT 5)
kqh
AG" = — RTI —
G n (kBT) ®)
TAS =AH" — AG* )

where h (6.6262 x 1034 Js) is the Planck constant and kg (1.3806 x 10723 JK 1) is the Boltzmann constant. The results are shown in
Table 1.

The kinetic and thermodynamic data for the enzyme thermal deactivation process indicated an increase in the thermostability of
the enzyme after immobilization. The half-life of the deactivation reaction increased from 121.6 to 157.53 h, thus increasing the SF by
30%, which established a slower thermal deactivation process for the immobilized enzyme. Regarding the thermodynamic parameters,
Table 1 shows that AG* (Eq. (6)) increased slightly from 102.54 to 103.22 kJ/mol for the immobilized enzyme. This demonstrated that
immobilization improved the thermal stability of the enzyme, making it more resistant to denaturation and conformational changes
[47]. As seen in Eq. (7) and Table 1, AG* was positive because AH* (Eq. (5)) was also positive and AS* was negative, and both
contributed to the stability of the enzyme after immobilization. While AS* remained virtually unchanged after immobilization, AH*
showed a slight increase, demonstrating higher stability due to van der Waals-type interactions or hydrogen bonds [48].

4. Conclusion

MNPs were efficiently prepared in situ from a chitosan matrix, and their structural, morphological, and optical properties were
characterized. These MNPs were then functionalized and utilized as a support to immobilize pectinase. The immobilized pectinase
demonstrated enhanced affinity for the substrate and a lower reaction rate compared with free pectinase. However, the immobilized
enzyme specific activity was lower than that of the free enzyme. This discrepancy was attributed to the distribution of nanoparticles
and the insolubility of the MNPs, resulting in colloidal properties that caused the immobilized enzyme to settle at the bottom of the
reaction tube. Consequently, there were reduced interactions between the immobilized enzyme and the substrate. Nonetheless, the
pectinase immobilization process led to improved thermostability.
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