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ABSTRACT

Article history: This study focuses on the characterization and application of an immobilized purified endo-
Received polygalacturonase PGC-ANG64 from Aspergillus niger HO32 using sodium alginate (SA), and its
Revised combinations with guar gum (SA-Gu) or chitosan (SA-Ch) as supports. Immobilization
Accepted efficiencies were 75%. 83%. and 77% for PGC-AN64-SA. PGC-AN64-SA-Ch, and PGC-ANG64-

SA-Gu, respectively. Immobilized enzymes showed enhanced thermostability and pH stability.
At 80°C, the half-lives reached 8, 11, and 16 h, and residual activity at pH 5 after extended
incubation (12-24 h) was maintained at approximately 56—58%. depending on the matrix.
Reusability tests showed activity retention of ~50% for PGC-ANG64-SA after 4 cycles, and ~64%
and 51% for PGC-ANG64-SA-Ch and PGC-ANG4-SA-Gu, respectively, after 6 cycles. Orange
) o juice clarification efficiency was reflected by transmittance values of 85.20+1.68% for free PGC-
Copyright: © 2025 Bentouhami et al. Thisis an open-  AN64, and ~84% for all immobilized forms. XRD, FTIR-ATR, and FE-SEM analyses confirmed
access article distributed under the terms of the  q)ctyral changes upon immobilization. In addition, orange juice clarification resulted in a
Creative Commons Aftribution License, which .. e in total soluble solids and color modifications: reduced a* values, and increased L* and
permits unrestricted use, distribution, and reproduction 4 yes These findings highlight that immobilizing PGC-AN64 on SA-based matrices improves
in any medium, provided the original author and e = E oy . ) .. : .
source are credited. enzyme stability. oper atlm_lal reusability, and retains orange juice clanﬁc?tlon p_erfm‘mar__lce.l'Ihe
approach offers an efficient and safe enzymatic solution for agro-industrial applications,
particularly in juice processing.
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Keywords: Aspergillus niger: Endo-polygalacturonase: Immobilization; Reusability; Fruit juice
clarification process.

Introduction

Polygalacturonases specifically hydrolyze the glycosidic bonds
of pectic substrates. Due to their biological functions, these enzymes
have found application in the food sector.!? Polygalacturonases are
divided into two main categories: exo-polygalacturonases and endo-
polygalacturonases. Exo-polygalacturonases break down the terminal
bonds of pectic molecules, gradually shortening and reducing the chain
length. In contrast., endo-polygalacturonases randomly target all the
bonds within the pectin molecules at random points. >
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Endo-polygalacturonase, in particular, is widely utilized in various
industries due to its ability to maintain stability across diverse
physicochemical conditions, Polygalacturonase from fungal sources
can be prepared through solid-state or submerged fermentation
techniques.>®. generally, fungi are responsible for 90% of industrial
enzyme production, mainly through submerged fermentation. This
method not only aids in enzyme recovery but also provides economic
benefits.”® Notably. the organism most favored for the synthesis of
commercial polygalacturonases, is Aspergillus niger, which is generally
regarded as safe (GRAS).>!2 Agricultural by-products such as banana
peel, orange peel, sugarcane bagasse, and apple residue can be used as
a substrate for the production of pectinolytic enzymes such as
polygalacturonase.®!7 Using orange peel as a substrate has increased
pectinolytic enzyme production when applied in submerged
fermentation.” Pectinolytic enzymes produced under submerged
fermentation conditions were then subsequently applied in several
biotechnological applications. '

Endo-polygalacturonases are frequently used for the clarification of
beverages such as fiuit juices.?! Clarification is a key process in the
juice industry, which involves breaking down pectin in juices through
eco-friendly methods. This reduces juice viscosity and turbidity,
enhancing the product’s marketability, taste, texture, color, and overall
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appearance.”>> In this scenario, the application of free enzymes faces
significant drawbacks, such as limited reusability and low operational
stability.?* They are vulnerable to external influences and can be easily
inactivated and denatured. resulting in poor thermostability, solvent
tolerance, and reusability.”?® Immobilizing enzymes allows for
efficient recovery and reusability, significantly boosting their stability
across various operational conditions.”?’?® Various methods have been
evaluated for enzyme immobilization. These include, but are not limited
to physical adsorption, to microspheres of magnetic cornstarch or
chitosan-tethered silica, as well as covalent immobilization on sodium
alginate, magnetite nanoparticles, agar—agar, or chitosan-tethered silica
293031 Immobilizing enzymes brings numerous benefits, significantly
improving the enzyme's storage stability, reusability, and heat stability.
3234 However, problems frequently associated with enzyme
immobilization include resistance to mass transfer. protein leaching,
and enzyme denaturation. ™

In the search for a mnovel thermoactive and thermostable
polygalacturonase from a fungal source, suitable for juice clarification,
a new endo-polygalacturonase (PGC-ANG64) produced by Aspergillus
niger HO32 has recently been purified and characterized.™
Interestingly, the optimal conditions for PGC-ANG4 activity were 70
°C and pH 6.5. The enzyme was stable over a wide pH range between
5-7 and a temperature range of 60-80 °C. More intriguingly, PGC-
ANG64 demonstrated significant substrate specificity, catalytic
efficiency, and higher transmittance percentages during the juice
clarification process in contrast to the two PECLYVE enzymes that are
available commercially (V and CP).!* The current study aimed to
evaluate the immobilization of PGC-ANG64 using sodium alginate,
chitosan, and guar gum, the analysis of the immobilized beads by FTIR-
ATR. XRD, and FE-SEM. as well as the various biochemical attributes.
including pH stability, temperature stability. and the reusability of
immobilized PGC-ANG64. Furthermore, this study evaluated the
biotechnological application of both the free and immobilized PGC-
ANG64 in orange juice clarification.

Materials and Methods

Chemicals and substrates

Citrus pectin (CP). sodium alginate (SA), chitosan (Ch), guar gum
(Gu), galacturonic acid, and caleium chloride (CaClz) were acquired
from Sigma-Aldrich (USA). All chemicals used in this investigation
were of analytical quality and were obtained from Merck (Germany)
and Sigma-Aldrich (USA).

Biological materials

The endo-polygalacturonase PGC-ANG4 used in this study was purified
from an Aspergillus niger HO32 fermentation (on orange fruit by-
products), which was recently characterized by the authors.'*

PGC-AN64 immobilization

The PGC-ANG4 was immobilized utilizing the technique outlined by
Mechri et al (2022).%¢ with a few modifications. In brief, for the
encapsulation of PGC-ANG64, 1% (w/v) sodium alginate (SA) or SA in
combination with 1% (w/v) chitosan (SA-Ch) or 1% (w/v) guar gum
(SA-Gu) was used. For encapsulation, 300 uL. of PGC-ANG64 enzyme
was homogenized with 700 pL of buffer solution, followed by the
addition to 3 mL of 1% (w/v) SA solution previously prepared as
detailed elsewhere® Where the SA was combined with another
support, 300 uL of the PGC-ANG64 enzyme was added to the organic
supports, and incubated for 2 hat 4 °C. After adding the SA, the mixture
was slowly homogenized for several minutes. The resulting solution
was then added dropwise into an ice-cold 2 mM CaClz solution (using
a syringe to create beads) and was incubated for 1 h at 4 °C, before
being transferred to a 2 mM CaCla solution. After decantation, the beads
were carefully washed with a buffer solution (pH 6.5) to remove non-
immobilized enzymes and were stored in the same buffer at 4 °C until

further use.

Immobilization efficiency
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Immobilization efficiency (%). specific activity (U/mg), and retention
activity (%) of the immobilized PGC-AN64 were determined.
Immobilization efficiency is a specific indicator of the effectiveness of
the immobilization method. To determine this parameter, the amount of
PGC-ANG4 leached was subtracted from the total amount of PGC-
ANG64 initially introduced. Immobilization efficiency (IE) was
calculated using equation (1).

0 Protein immobilized

IE (%) = Protein loaded

(Eq.1)

Retention activity (RA) is a parameter that determines the efficacy of
the immobilization method as measured by the relative increase or
decrease in enzyme activity. Equation (2) was used to calculate the
Retention Activity (RA).
o Specific activity of immobilized enzyme
RA(%) = Specific activity of free enzyme
x100 (Eq.2)

Polygalacturonase activity assay

The PGC-ANG64 activity of free and immobilized forms was determined
by the 3.5-dinitrosalicylic acid reagent (DNS) method.?” The mixture
was adjusted at pH 6.5 and 70 °C for 20 min. Galacturonic acid served
as the reference for determining the quantity of sugars that were
reduced. The experiment was conducted in triplicate.

Protein quantification

The Bradford technique was used to estimate the protein content.’
Briefly, 160 pL of Bradford reagent was added to 40 pL of sample
solution. The mixture was incubated for 15 min at ambient temperature
(25+2 °C), and the absorption was recorded at 595 nm utilizing the
BioTek Gen5™ microplate reader (Agilent BioTek. Fisher Scientific,
USA). Bovine serum albumin (BSA) was used as the standard.

Characterization of immobilized PGC-AN64

Fourier Transform InfraRed spectroscopy (ATR-FTIR)

The immobilized PGC-AN64 was examined using the ATR-FTIR
method. A Jasco 4700-ATR spectrophotometer was used to obtain the
ATR-FTIR spectra of the materials with a 4 cm™ resolution in the
spectral region of 5004000 cm!. The measurements were made in
triplicate.

X-ray diffraction (XRD)

The phase identification of the immobilized PGC-ANG64 was
determined by using XRD. For this experiment, the XRD-6000
apparatus (SHIMADZU, Kyoto, Japan) was used with an angle of 10-
65°, a scanning speed of 4°/s, and Cu Ko radiation (). = 0.154 nm).*

Field Emission Scanning Electron Microscopy (FE-SEM)

The surface morphology of the different immobilized PGC-ANG4
preparations was evaluated by FE-SEM using a HIROX SH 5500P
coupled with an ESD detector (BRUKER QUANTAX). The working
distance between the sample and objective lenses was set at 6 mm.
Using various magnifications, the filament SEM was run at varying
currents while keeping the voltage at 5 kV. X-ray energy dispersive
spectroscopy was utilized to determine the elemental composition.

Thermal and pH stability of immobilized PGC-AN64

The pH stability of free and immobilized PGC-AN64 forms was
determined by the incubation of PGC-ANG64 for 24 h at room
temperature (25+2 °C) in a buffer solution adjusted to pH 5. The thermal
stability was estimated for 24 h at 80°C and pH 6.5. All tests were
conducted in triplicate.

Reusability of the immobilized PGC-AN64 beads
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The recycling of immobilized PGC-AN64 beads was examined by
measuring the sample activity at optimal conditions during each cycle.
After each cycle, the PGC-AN64 beads were retrieved and cleaned with
demineralized water to eliminate reaction residues. which were then
reused in subsequent cycles. The initial activity of the PGC-ANG64 beads
was set at 100%.

Biotechnological application of immobilized PGC-AN64 in orange
Juice clarification

Oranges (Citrus sinensis) were bought from a supermarket in Oujda,
Morocco. After being cleaned with sterile distilled water, they were
dried. The juice was extracted manually with a screw juice extractor and
subsequently filtered using filter paper. The clarification process
involved using the immobilized enzyme (PGC-ANG4-SA, PGC-ANG4-
SA-Ch, or PGC-ANG64-SA-Gu), and the outcomes were compared to
those of applying free PGC-ANG4. All tubes were incubated at 50 °C
for 30 min. After the clarification process, the transmittance (T%) was
determined at 660 nm using a BioTek Gen5TM microplate reader to
assess the level of juice clarity. Additionally, color parameters (L*, a*,
and b¥) were measured, utilizing the Konica Minolta Chroma Meter
CR-410 equipment (Konica Minolta, INC., Tokyo, Japan). The total
soluble solids (TSS) were quantified and expressed in Brix (*Bx,
2/100g) using a handheld refractometer (Brix Refractometer Hand-Held
RHB-80). All experiments were conducted in triplicate. Equation (3)
was used to determine the transmittance percentage (T%) of clarified
juice.

Abs
T (%) = Log Ihe | X 100 (Eq.3)

Where: Abe and Abs, refer to the absorption of control and sample,
respectively.

Statistical analysis

All experimental work was conducted in triplicate (n=3). The findings
are displayed as mean £SD (the standard deviation of the mean).
GraphPad Prism 8, a computer-based statistical software product, was
used to determine the analysis of variance (ANOVA) of the data and to
compare treatment means, the Latin Square Design (LSD) at P < 0.05
was used.
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Results and Discussion

Immobilization efficiency of PGC-ANG4

The PGC-AN64 enzyme was immobilized on and within SA, SA-Ch,
and SA-Gu matrices. The performance of the immobilized PGC-ANG4
was assessed by evaluating the immobilization efficiency (IE), as well
as apparent and retention activities (RA) (Table 1). Enzyme
immobilization often encounters issues such as mass transfer resistance,
protein leaching, and denaturation. The results showed a high
percentage of immobilization efficiency with 75, 83, and 77% for PGC-
ANG64-SA, PGC-ANG64-SA-Ch, and PGC-ANG64-SA-Gu, respectively.
In addition, the apparent activity was 30.34, 24.47, and 27.75 U/g of
beads, and the retention activity was 46, 40, and 19%, respectively, for
PGC-ANG64-SA, PGC-ANG64-SA-Ch, and PGC-AN64-SA-Gu (Table
1). The results obtained from the immobilization and characterization
of the immobilized PGC-ANG64 are similar to those obtained by Amin
et al (2017), which showed a retention activity of 45.89%, and an
immobilization efficiency of 71.62% for a polygalacturonase.’
Therefore, previous studies on polygalacturonase immobilization
reported that the retention activities recorded in this study are higher
than those found by Rehman et al (2013), and lower than those reported
by Ramirez ef al (2013) and Xue et al (2021).***47 The drop in PGC-
ANG64 activity following immobilization may be attributed to the
reduced enzyme concentration on the support matrix.*® The optimal
immobilization efficiency was achieved at 83.34% when SA-Ch was
used, demonstrating the effectiveness of immobilization. When alginate
is combined with chitosan (cationic polymer), it enhances electrostatic
interactions with the enzyme, improving immobilization efficiency and
reducing enzyme loss.*! Similarly, the combination with guar gum, a
hydrophilic polymer, improves mechanical properties and water
retention, increasing the enzyme's functional stability.”® These
combinations also promote controlled diffusion of the substrate and
products through the matrix, allowing for optimal enzymatic activity.
Together, these polymeric supports provide an effective solution for
pectinase immobilization, with applications in industries such as food
processing and bioengineering.

ATR-FTIR spectroscopy

ATR-FTIR spectroscopy revealed that the PGC-ANG64 enzyme formed
complexes and adhered to the supports being studied (Fig. 1), with the
greatest modifications occurring in secondary structure. A strong peak
at 1639 cm! in the sodium alginate (SA) spectra is attributable to the
antisymmetric COO" group.®” It also shows the existence of a notable
peak between 3000 and 3600 cm!, which is associated with the OH-
group stretching vibration.*

Table 1: Immobilization of the PGC-AN64 enzyme through the use of different supports

Immobilization type Protein Protein  Immobilizatio Apparent Specific activity  Specific activity of  Retention
loaded leached n efficiency activity of of free enzyme immobilized activity
(mg) (mg) (%) beads (U/g) (U/mg) enzyme (U/mg) (%)
PGC-ANG64-SA 2.6 0.65 75.00 30.34 1.330 613.76 46.14
PGC-AN64-SA-Ch 2.6 0.42 83.84 2447 1.330 533.17 40.08
PGC-AN64-SA-Gu 2.6 0.58 77.69 12.68 1.330 261.76 19.68

SA = sodium alginate; SA-Ch = sodium alginate-chitosan; SA-Gu = sodium alginate-guar gum.

In addition, the spectrum of the free and immobilized enzyme revealed
three significant peaks that were absent in the SA spectra. A strong peak
at 1596 cm™ may be attributed to the amide band.*! The absorption at
1418 cm™ may be due to the C-N stretching vibration, and the
absorption peak at 1026 cm™ attributed to the C-O-C group.*>*® It also
demonstrates the existence of a notable peak between 3000 and 3600
cm!, which corresponds to the OH" group stretching vibration.*** The
ATR-FTIR spectroscopy results showed the peaks linked to the COO-
group in all immobilization beads shift from 1639 to 1596 cm™. This
change results from these groups complexing with Na™ ions.

Consequently, new peaks emerge in SA beads when combined with Ch
or Gu, and in the PGC-AN64 immobilization beads, but with varying
peak lengths corresponding to the symmetrical COO™ and C-O-C groups
at 1418 and 1026 ecm™, respectively (Fig. 1). These new peaks likely
resulted from the interaction between SA and the compounds (Ch and
Gu), as well as the interaction of the supports with the PGC-ANG4
enzyme during immobilization.
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XRD analysis of immobilized PGC-AN64

The XRD pattern of the beads (SA, SA-Ch, or SA-Gu) reveals a larger
amorphous region, which vanishes after immobilizing PGC-ANG4. As
shown in Figure 2, a remarkable reduction in the amorphous portion is
observed in all beads containing the enzyme compared to those without
the enzyme, and revealed three peaks at 2 6 =32°, 26 =45.7°, and 26 =
56.7°.

SA

B e LT

Transmitance (%)

PGC-ANG4-SA-Gu

Wavenumber (cm™)
Figure 1. ATR-FTIR spectra of PGC-AN64-SA, PGC-AN64-
SA-Ch, PGC-AN64-SA-Gu beads, and PGC-AN64 from
Aspergillus niger strain HO32. PGC-AN64-SA: PGC-ANG64
immobilized with sodium alginate, PGC-AN64-SA-Ch: PGC-
ANG64 immobilized with sodium alginate and chitosan, PGC-
ANG64-SA-Gu: PGC-AN64 immobilized with sodium alginate
and guar gum. The ATR-FTIR profile was generated by
OriginLab OriginPro software 2021b (SR1).
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Figure 2. XRD diffractogram of PGC-AN64-SA, PGC-AN64-
SA-Ch, PGC-AN64-SA-Gu beads, and PGC-AN64 from
Aspergillus niger strain HO32. PGC-AN64-SA: PGC-AN64
immobilized with sodium alginate, PGC-AN64-SA-Ch: PGC-
ANG64 immobilized with sodium alginate and chitosan, PGC-
ANG64-SA-Gu: PGC-AN64 immobilized with sodium alginate
and guar gum. The XRD diffractogram was generated utilizing
Match software (version 3.10.2.173).
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XRD is an analysis method utilized to get information on crystal lattice
arrangements and the crystallinity degree in the microstructure of
immobilized beads.” The ATR-FTIR results align with the XRD
spectra, showing that all peaks intensified after PGC-ANG4
immobilization, and the crystal structure remained intact throughout the
enzyme immobilization process (Fig. 1). The XDR results indicate that
the rigid structures of SA, Ch, and Gu can all be used as excellent
supports for PGC-ANG64 immobilization. This discovery led us to the
conclusion that immobilized PGC-AN64 could easily be retrieved using
external permanent magnets, thereby simplifying the reuse of the
biocatalyst.

FE-SEM analysis of immobilized PGC-AN64

The microscopy images distinctly highlight the changes in surface
morphologies after immobilization. The FE-SEM analysis revealed the
surfaces of the beads before their complexation with the enzyme (SA,
SA-Ch, and SA-Gu) and after their complexation with the enzyme
(PGC-AN64-SA, PGC-ANG4-SA-Ch, and PGC-AN64-SA-Gu) (Fig.
3). The immobilized beads, whether or not they contained PGC-ANG4,
exhibited dense, rough, and mesh-like structures. Figure 3 clearly shows
a difference in pore structure between the beads containing the enzyme
and those without the beads with the enzyme display no surface pores,
unlike the beads without the enzyme. This indicates that the structure of
the beads appears reinforced after immobilization, with the pores filled
with the enzyme. The FE-SEM analysis of immobilized PGC-ANG64
showed that the PGC-ANG64 occupied pores, while those without it
exhibited larger pores. While SA beads featured smooth surfaces, the
structures of SA-Ch and SA-Gu beads were distinct. This does not
imply that enzyme leakage occurred due to the beads’ rough surface.
However, research has revealed that altering the immobilized enzyme
surface can stop leaks and preserve the enzyme by creating a physical
barrier.”® Furthermore, guar gum and chitosan, in our case, in the
alginate beads, can inhibit the leakage and maintain the PGC-ANG4
activity.

PGC-ANB4-SA-Ch

PGC-ANG4-5A-Gu

Figure 3. FE-SEM images of surface morphologies of the
immobilized beads with or without PGC-AN64 from
Aspergillus niger strain HO32. PGC-AN64-SA: PGC-AN64
immobilized with sodium alginate, PGC-AN64-SA-Ch: PGC-
ANG64 immobilized with sodium alginate and chitosan, PGC-
ANG64-SA-Gu: PGC-AN64 immobilized with sodium alginate
and guar gum.

Thermal and pH stability of PGC-ANG64

The thermal stability of the free and immobilized PGC-ANG4 as a
function of time was studied at 70 °C (pH 6.5). Enzyme thermal stability
is one of the most crucial application requirements in various
commercial applications that depend on the preparation strategy and
stability of the biocatalyst.? The free PGC-ANG64 lost 74% of its original
activity at 80 °C after 6h of incubation, and the PGC-AN64-SA lost
50% of its initial activity at the same temperature after 8h of incubation.
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However, the PGC-ANG64-SA-Gu and PGC-ANG64-SA-Ch lost 68 and
25.83% of their initial activities, respectively, after 14h of incubation at
the same temperature.

Table 2: Enzyme treatment effect on the transmittance (T%), color parameters (L*, a*, b*), and TSS (°Brix) of orange juice by free and
immobilized enzyme: PGC-AN64, PGC-AN64-SA, PGC-AN64-SA-Ch, and PGC-AN64-SA-Gu

Transmittance (%) Color TSS (°Brix)
L* a* b*
Control - 64.43=0.60° -5.81=0.04¢ 40.54=0.75% 12.10a+0.17%
PGC-AN64 85.20+1.68* 66.68a+0.38% -3.50=0.07° 15.82+0.09¢ 11.56+0.05°
PGC-AN64-SA 84.64=1.19* 67.14=0.132 -3.31=0.06% 13.00+0.09¢ 11.60=0.10°
PGC-AN64-SA-Ch 84.13+1.33* 66.91£0.06° -3.79+0.07° 16.45£0.07° 11.60£0.10°
PGC-AN64-SA-Gu 83.60+2.61* 67.04+0.08% -3.58+0.04° 14.77+0.044 11.6320.05°

SA = sodium alginate; SA-Ch = sodium alginate-chitosan; SA-Gu = sodmum alginate-guar gum. *= Significant differences (p < 0.05) were observed between the
means of each parameter in the same column with distinct lower-case letters. Values are shown with = SEs and reflect the average of three independent replicates.
Lightness (L*); green-red value (a*); blue-yellow value (b¥*).

PGC-AN64-SA-Ch beads exhibited greater stability with a half-life (t..) A
of 16 h., compared to free PGC-ANG4, PGC-ANG4-SA, and PGC- 125
ANG64-SA-Gu beads, which had a t..of 4, 8, and 11 h, respectively (Fig. o= PGCNGAFree —# PGC-ANSSA
4A). The results of stability profiles of PGC-ANG64 in free and —* PGC-ANG4-SA-Gu  —&— PGC-ANG4-SA-Ch
immobilized forms at pH 5 are presented in Fig. 4B. The immobilized
PGC-ANG64 retained activity levels of approximately 56.91, 58.21, and
56.57% after 12. 22, and 24 h of incubation for PGC-ANG4-SA. PGC-
ANG64-SA-Gu, and PGC-ANG64-SA-Ch, respectively. In contrast, the
free PGC-ANG4 lost 64.42% of its activity after an incubation period of
8 h. Moreover, the activity of the immobilized PGC-ANG4 surpassed
that of the free enzyme.

The biochemical characterization of immobilized PGC-AN64 showed
that the immobilized form exhibited a notably lower inactivation rate
compared to its free form. Increased thermal stability was observed for 0
PGC-AN64-SA, PGC-ANG64-SA-Gu, and PGC-AN64-SA-Ch 5 5 1 :i ; ]70 172 1: %
compared to the free PGC-ANG4 at 80 °C. The increased thermal .

stability of immobilized PGC-ANG64 can be explained by the trapping Incubation time (h) at 80 °C

of enzyme molecules within the encapsulation supports, guarding them

against changes in enzyme structure at high temperatures.’! The

immobilization also increased pH stability compared to the free 125
enzyme. Under acidic conditions, PGC-ANG4 immobilization (using ~#- PGC-ANGd-Free W~ PGC-ANG4-5A
SA. SA-Gu, or SA-Ch) can protect the microenvironment of the enzyme ~¥- PGC-AN64-SA-GU -4~ PGC-ANG-SA-Ch
(polar and ionic contacts, hydrogen bonds, ete.) due to the hydrophilic
properties of these supports.”> Consequently, SA combined with
chitosan (SA-Ch) and guar gum (SA-Gu) acts as a protective sheath for
PGC-ANG64 to a greater extent than the non-combined support (SA). In
conclusion, the thermal and pH stability of PGC-AN64 immobilized on
food-grade supports such as alginate, chitosan, and guar gum represents
a significant advantage for industrial applications, particularly in the
food sector. These enhanced properties enable efficient enzyme
performance under challenging conditions, extending their operational
lifespan and reducing costs. Thus, these supports provide a sustainable
and efficient solution tailored to the growing demands of modern
industrial processes. 0
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The potential practical application of immobilized enzymes greatly Incubation time (h) at pH 5
hinges on their reusability. To evaluate the operational stability of
immobilized PGC-ANG4, ten successive reusability cycles were carried
out using the same parameters (pH 6.5 and 70 °C). PGC-ANG4-SA
retained approximately 50% of its original activity following four
successive cycles (Fig. 5A). Meanwhile, the operational stability of

Figure 4. Thermal stability (A), and pH stability (B) of free and
immobilized PGC-ANG64 from Aspergillus niger strain HO32.

PGC-AN64-SA-Ch (Fig. 5B) and PGC-AN64-SA-Gu (Fig. 5C) was PGC-AN64-SA: PGC-AN64 immobilized with sodium
maintained at about 64% and 51% of their original activity following alginate, PGC-AN64-SA-Ch: PGC-AN64 immobilized with
six successive cycles, respectively. The results demonstrated that the sodium alginate and chitosan, PGC-AN64-SA-Gu: PGC-AN64
PGC-ANG4-SA, PGC-ANG64-SA-Ch, and PGC-ANG64-SA-Gu beads immobilized with sodium alginate and guar gum.

have the ability to separate from the product of the reaction and can be
recycled for application in subsequent reactions.
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Figure 5. Reusability of immobilized PGC-AN64-SA (A), PGC-AN64-SA-Ch (B), and PGC-AN64-SA-Gu (C) tested under the same

conditions (pH 6.5 and 70 °C for 20 min).

The immobilized PGC-ANG64 maintained its high activity after several
cycles. These results align with previous reports on the recyclability of
immobilized pectinase.**”**? which have been shown to retain much
of their initial activity following several reuse cycles. The immobilized
enzymes can be used economically and efficiently for a range of
industrial operations.™¢
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Figure 6. Clarification of orange juice at 50 °C following a 30 min
incubation period (a) control; (b) free PGC-AN64; (¢) PGC-AN64-
SA; (d) PGC-AN64-SA-Ch; and (e) PGC-AN64-SA-Gu (SA =
sodium alginate; SA-Ch = sodium alginate-chitosan; SA-Gu
sodium alginate-guar gum).

Application of immobilized PGC-AN64 in orange juice clarification
Both free and immobilized PGC-ANG64 resulted in orange juice
clarification at 50 °C following a 30 min period of incubation (Fig. 6
and Table 2). The results indicate that the transmittance of clarification
was 85.20+1.68, 84.64+1.19, 84.13+1.33, and 84.13=1.33 for PGC-
ANG64, PGC-ANG4-SA, PGC-ANG64-SA-Ch, and PGC-AN64-SA-Gu,
respectively (Table 2), with no significant difference (p < 0.05) between
the treatments with free and immobilized forms. Our results are
consistent with those obtained when pomegranate juice was clarified in
a bioreactor containing immobilized pectinase enzymes on glass
beads.* However, the decrease in turbidity and clarity observed in
orange juice post-clarification (Fig. 6) can be attributed to the potential
degradation of the pectin in the orange juice.

The color characteristics, a* (green-red value), b* (blue-yellow value),
and L* (lightness), of the clarified orange juice that was treated with
free and immobilized PGC-ANG4, were measured after clarification at
50 °C for 30 min. The results presented in Table 2 indicate that the L*
parameter increased from 64.43=0.60 to 66.68+0.38, 67.14=0.13,
66.91=0.06, and 67.04+0.08 respectively, for PGC-ANG64, PGC-ANG4-
SA., PGC-ANG64-SA-Ch. and PGC-AN64-SA-Gu. This increase in the
L* value may be due to the result of pectin and polysaccharide
hydrolysis, which improved the lightness of the juice. Therefore. a
decrease in the a* value from -5.81%0.04 to -3.50+0.07. -3.31+0.06. -
3.79+0.07, and -3.58b=+0.04, respectively for PGC-AN64, PGC-ANG4-
SA, PGC-ANG64-SA-Ch, PGC-AN64-SA-Gu, and an increase in the b*
value from 40.54=0.75 to 15.82+0.09, 13.00=0.09, 16.45=0.07, and
14.77+0.04, respectively for PGC-ANG64, PGC-ANG4-SA, PGC-ANG4-
SA-Ch, PGC-ANG64-SA-Gu, suggests that the clarified orange juice had
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a lower color intensity than the control, as shown in Fig. 6. The TSS
measurement (°Brix) was reduced by the clarification process with free
and immobilized PGC-AN64. The °“Brix was decreased from
12.10+0.17 to 11.56=0.05. 11.60+0.10, 11.60+0.10, 11.63+0.05,
respectively for PGC-ANG4, PGC-ANG64-SA, PGC-ANG64-SA-Ch, and
PGC-ANG64-SA-Gu (Table 2).

The results of the orange juice clarification align with previous research,
which shows that enzyme activity is responsible for increasing
transmittance and decreasing turbidity during the clarification
process.”2%7 This finding is in agreement with other research, which
highlighted the function of pectinases in improving grape and
pomegranate juice clarity and color.*® When using immobilized
pectinase to clarify pomegranate juice, comparable results were
observed.* These results are in accordance with the studies of fruit juice
clarification by free and immobilized enzymes.’® Furthermore, this
decrease following the clarification process with both free and
immobilized PGC-ANG64 may be due to the release of reducing sugars
and the settling of solid compounds.

Conclusion

PGC-ANG64, an endo-polygalacturonase produced by Aspergillus niger
strain HO32, was immobilized using sodium alginate, or sodium
alginate-chitosan, or sodium alginate-guar gum. The immobilized PGC-
ANG64 beads were characterized using XRD, ATR-FTIR, and SEM
techniques. The immobilized PGC-ANG64 beads showed superior
thermal stability and pH stability at 80 °C and pH 5 compared to the
free enzyme. Following four continuous cycles, the immobilized
enzyme maintained about 50% of its original activity for PGC-ANG64-
SA. while PGC-AN64-SA-Ch and PGC-AN64-SA-Gu retained about
64% and 51% after six continuous cycles, respectively. The
immobilization efficiency and stability of immobilized PGC-ANG4
indicated that the combined supports, particularly those combined with
chitosan (SA-Ch), provided better protection for PGC-ANG4 activity
than the non-combined support. The immobilization process offers
significant benefits for wvarious biotechnological applications,
enhancing the stability and reusability of PGC-ANG64. This study
highlighted the potential use of PGC-ANG64 in the process of orange
juice clarification. Finally, the development of multimodal enzymatic
systems and the exploration of other industrial applications, such as the
production of bioethanol and prebiotics from pectic oligosaccharides
derived from agricultural by-products, are also being considered.
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