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Abstract: An Aspergillus niger endo-1,4-β-mannanase, Man26A, was confirmed by FTIR and XRD
to be immobilised on glutaraldehyde-activated chitosan nanoparticles via covalent bonding. The
immobilisation (%) and activity yields (%) were 82.25% and 20.75%, respectively. The biochemical
properties (pH, temperature optima, and stability) were then comparatively evaluated for both the free
and immobilised Man26A. The optimal activity of Man26A shifted to a lower pH after immobilisation
(pH 2.0–3.0, from pH 5 for the free enzyme), with the optimum temperature remaining unchanged
(60 ◦C). The two enzymes exhibited identical thermal stability, maintaining 100% activity for the first
6 h at 55 ◦C. Substrate-specific kinetic analysis showed that the two enzymes had similar affinities
towards locust bean gum (LBG) with varied Vmax values. In contrast, they showed various affinities
towards soybean meal (SBM) and similar Vmax values. The immobilised enzyme was then employed
in the enhancement of the functional feed/prebiotic properties of SBM from poultry feed, increasing
mannooligosaccharides (MOS) quantities. The SBM main hydrolysis products were mannobiose
(M2) and mannose (M1). The SBM-produced sugars could be utilised as a carbon source by probiotic
bacteria; Streptococcus thermophilus, Bacillus subtilis, and Lactobacillus bulgaricus. The results indicate
that the immobilised enzyme has the potential for use in the sustainable and cost-effective production
of prebiotic MOS from agricultural biomass.

Keywords: chitosan; endo-1,4-β-mannanase; immobilisation; mannooligosaccharides; prebiotic;
soybean meal

1. Introduction

In recent years, oligosaccharides have been gaining much attention from researchers
in various fields. Many oligosaccharides have been reported to possess prebiotic properties
and are highly important in various industries, including feed, food, and pharmaceuti-
cals [1]. A prebiotic is a non-digestible food component that selectively stimulates the
growth or activity of one or a limited number of indigenous bacteria (probiotics) in the
digestive tract in a manner claimed to be beneficial for the host [2,3]. Different types
of oligosaccharides are recognised as prebiotics. Among these, hemicellulose-derived
oligosaccharides, such as xylooligosaccharides (XOS) and MOS, have garnered much atten-
tion as they can be easily generated from various agricultural residues that are low-cost
substrates [1]. MOS derived from different mannan-containing raw feedstocks have excel-
lent potential as ideal candidates for new-generation prebiotics [4]. Several studies have
reported that MOS supplementation could improve various animals’ growth performance
and immune response [5–7]. In animals such as broilers and pigs, MOS appear to improve
health by changing the bacterial ecology of their guts.
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B-MOS are generally prepared by hydrolysis of mannan, a heteropolysaccharide
mainly composed of repeating units of mannopyranoside residues linked by β-1,4-glycosidic
linkages. These chains can contain 1–10 mannose residues, creating a linear chain which can
be further classified as α-/β-MOS—this being determined by the source of the mannans
the MOS was derived from [1]. Mannans are classified as linear mannan, glucomannan,
galactomannan, and galactoglucomannan [8]. Mannans, mainly galactomannan, are also
found in SBM, a primary source of plant protein used in poultry feed [9]. Previous studies
demonstrated that the amount of mannan is between 1.33 and 2.14% in non-dehulled
SBM and 1.02 and 1.51% in dehulled SBM [10]. The presence of mannan in SBM may
negatively affect nutrient utilisation and poultry performance [11]. Therefore, hydrolysis
of mannan in SBM leads to the release of prebiotic MOS that can enrich the growth of
health-promoting gut microbiota in poultry while improving nutrient digestibility [12].
Within mannan hydrolysis, by an endo-1,4-β-mannanase, favourable by-products focus
specifically on producing β-1,4-mannobiose. This MOS residue has proven to be specifically
beneficial in depleting the quantities of pathogenic bacteria, such as Salmonella enterica, in
the gastrointestinal tract of poultry [12].

Increasing evidence suggests that the application of enzymes can improve the nutri-
tional value of SBM-based diets [13,14]. The enzyme mainly used in this process, endo-
1,4-β-mannanase, is found in various sources, such as bacteria, fungi, and yeasts [15].
Endo-1,4-β-mannanase (EC 3.2.1.78), also called 1,4-β-D-mannan mannanohydrolase, is
a glycoside hydrolase (GH), specifically an endo-hydrolase [16]. This enzyme is mainly
responsible for the random cleavage of internal β-1,4-glycosidic bonds in the backbone
of mannans to yield MOS [8]. Mannanases belong to GH clan A, under families GH5,
GH26, GH45, GH113, and GH134 (www.cazy.org (accessed on 19 October 2022)). The
enzymatic hydrolysis of mannans results in the production of β-MOS which possesses
the essential characteristics of prebiotics. These include a short degree of polymerisation
(DP < 4), resistance to gastrointestinal (GI) enzymes, stability in gastric juice, and selective
utilisation by probiotics [7,17,18].

Despite their numerous advantages, the practical application of enzymes has often
been hampered by several limitations, including non-reusability and the lack of long-
term operational stability due to sensitivity to denaturation [19]. These challenges can be
overcome by immobilising the enzymes onto solid carriers. Compared to free enzymes,
immobilised enzymes offer many advantages, such as ease of recovery from the reaction
mixture, thus facilitating their reuse, enhanced stability, rapid termination of reactions,
and simplified product purification process [20,21]. The immobilisation of enzymes onto
carriers can be achieved using various methods, broadly categorised into physical adsorp-
tion, entrapment in a matrix, ionic binding, covalent binding, and cross-linking [22]. These
strategies have gained increasing interest, as enzymes in industrial settings are associated
with high costs, instability, and high loading demands [22]—therefore, immobilisation of
enzymes has provided an efficient method for biocatalyst recycling. Chitosan is often pre-
ferred among the best-known carriers because of its abundance, biocompatibility, thermal
and chemical stability, and nontoxicity [19,22]. Chitosan is a polyaminosaccharide pro-
duced through the deacetylation of chitin [23]. The presence of multiple reactive functional
groups on the chitosan surface can facilitate efficient binding between chitosan and the
enzyme. This is generally done by treating chitosan with a bi-functional reagent, such as
glutaraldehyde, which forms covalent bonds with amino groups on the chitosan surface
and the enzyme [24]. Several studies have demonstrated the immobilisation of enzymes on
chitosan-based supports for applications in various reactions [25–28].

This study describes the immobilisation of an endo-1,4-β-mannanase, Man26A, de-
rived from Aspergillus niger on glutaraldehyde-activated chitosan nanoparticles. The char-
acteristics of the immobilised and free endo-1,4-β-mannanase were compared and the
applicability of the immobilised enzyme in MOS production from SBM was demonstrated.
This work investigates improving the quality of SBM ingested by monogastric animals,
specifically poultry, by testing a recyclable enzymes efficacy against the complex sub-
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strate SBM—in addition, the potential in vitro prebiotic activity of the generated MOS was
confirmed using selected probiotic bacterial species.

2. Materials and Methods
2.1. Materials

The mannobiose (M2), mannotriose (M3), mannotetraose (M4), mannopentaose (M5),
mannohexaose (M6), galactosyl-mannotriose (G-M3), di-galactosyl-mannopentaose (G2-
M5), and endo-1,4-β-mannanase (Man26A) derived from A. niger were purchased from
Megazyme (Bray, Wicklow, Ireland). SBM was purchased from Rayner general agencies
(Makhanda, EC, South Africa). The Carbosep CHO 411 column was purchased from
Concise Separations (San Jose, CA, USA). All other chemicals used in the study were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of Chitosan Nanoparticles

Glutaraldehyde-activated chitosan nanoparticles were prepared according to a pre-
viously described method [29] with slight modifications. Chitosan (0.25% w/v) was sus-
pended in 50 mM citrate buffer (pH 5.0) with 1% (v/v) Tween 80, and 0.35 M acetic acid,
and the mixture was stirred (150 rpm) for 20 min at 30 ◦C. Under sonication, using a
Vibra-CellTM (20 kHz at an amplification of 60), 1.4 M sodium sulphate solution was added
dropwise to the chitosan mixture and then stirred magnetically (2 h, 500 rpm). Particles
were then collected via centrifugation using a 1.0R Megafuge (3500× g, 15 min, 4 ◦C) and
washed with deionised water (3500× g, 15 min, 4 ◦C). The particles were activated under
agitation by the addition of 1.25% (v/v) glutaraldehyde in 50 mM citrate buffer (pH 5.0)
(30 ◦C, 45 min). The activated chitosan nanoparticles were washed several times to remove
excess glutaraldehyde (3500× g, 10 min, 4 ◦C).

2.3. Immobilisation of Man26A on Chitosan Nanoparticles

The washed, activated nanoparticles were then incubated with a 0.1 mg/mL enzyme
solution of endo-1,4-β-mannanase, Man26A (36 h, 4 ◦C). After the incubation time had
elapsed, the immobilised enzyme was washed several times (3500× g, 10 min, 4 ◦C). Each
wash was tested for protein concentration (as described in Section 2.5.1) and reducing sugar
concentration (as described in Sections 2.5.2 and 2.5.3) to assist in the calculation of the
immobilisation yield. The immobilised enzyme was stored at 4 ◦C until further use.

The Immobilisation yield was expressed as described previously by [29].

Immobilisation yield =
A − B

A
× 100 (1)

The activity yield was defined according to the following expression previously de-
scribed by [29]:

Activity yield (%) =
Speci f ic Activity o f the immobilised enzyme

Speci f ic Activity o f the Free Enzyme
× 100 (2)

(A): the quantity of enzyme loaded for immobilisation procedure (mg); (B): unbound
protein after immobilisation (mg); and (A–B): the theoretical immobilised enzyme.

2.4. Bio-Physical Characterisation of Man26A-Immobilised Chitosan Nanoparticles
2.4.1. FTIR Analysis

A spectrum 100 Fourier-transform infrared spectroscopy (FTIR) system (Perkin Elmer,
Wellesley, MA, USA) was used to characterise untreated chitosan, glutaraldehyde-activated
chitosan nanoparticles, and the Man26A-immobilised chitosan nanoparticles. Each sample
dried using critical point drying was pressed uniformly against the sample spotting surface
using a spring-loaded anvil. FTIR spectra were obtained from scans from 4000 to 600 cm−1.



Agronomy 2022, 12, 2993 4 of 16

Baseline and ATR corrections for penetration depth and frequency variations were carried
out using the SpectrumOneTM software supplied with the equipment.

2.4.2. XRD Analysis

Samples of chitosan, glutaraldehyde-activated chitosan, and endo-1,4-β-mannanase
immobilised on glutaraldehyde-activated chitosan nanoparticles were analysed via an
X-ray diffractometer (XRD) (Bruker D2 Phaser, Karlsruhe, Germany). This was done with
a LYNXEYE XE-T detector using Cu radiation (wavelength λ = 0.154 A◦) at a voltage of
30 kV on a current of 10 mA. The samples were scanned from 2θ of 5 to 60◦ with a step size
of 0.02◦. The determination time was 0.02◦ per second.

2.5. Determination of Enzyme Activity and Protein Concentration
2.5.1. Protein Concentration

A Bradford’s assay was used to determine the protein concentration of the endo-1,4-β-
mannanase, using bovine serum albumin (BSA) as a suitable standard [30]. The protein
samples were combined with Bradford’s working reagent in a 1:9.2 ratio. The readings
were taken after 10 min on a Synergy MX microplate reader (BioTek, Winooski, VT, USA)
at a wavelength of 595 nm.

2.5.2. Determination of Reducing Sugars Concentration

The endo-1,4-β-mannanase activity was assayed by quantitatively measuring the
amount of reducing sugars released in a hydrolysis reaction using the 3,5-dinitrosalicylic
acid (DNS) method described previously [31], with modifications. DNS reagent (1% w/v
NaOH, 1% w/v 3,5-dinitrosalicylic acid, 20% w/v potassium sodium tartrate tetrahydrate,
0.2% w/v phenol, 0.05% w/v sodium metabisulphite) was combined with reducing sugar
sample in a 2:1 ratio, respectively. The samples were then incubated at 100 ◦C for 6 min,
and the absorbance was read on a Synergy MX microplate reader (BioTek, Winooski, VT,
USA) at 540 nm. A standard curve was prepared using mannose as a suitable standard
(0.1–1.2 mg/mL).

2.5.3. Endo-1,4-β-mannanase Activity Assay with LBG

The activity of endo-1,4-β-mannanase was determined using the model substrate,
0.5% (w/v) LBG, in 50 mM citrate buffer (pH 5.0) [8]. The reaction was conducted at 55 ◦C
for 30 min. The enzymatic activity was terminated by incubation at 100 ◦C for 5 min,
followed by centrifugation at 16,000× g for 5 min. The enzyme activity was determined by
measuring the amount of reducing sugars produced (as described in Section 2.5.2). One unit
of enzyme activity was defined as the amount of enzyme that released 1 µmol of reducing
sugars per minute under the assay conditions specified. All assays were performed in
triplicate, and average values were reported.

2.5.4. Endo-1,4-β-mannanase Activity Assay with SBM

The activity of endo-1,4-β-mannanase was determined using a 6% (w/v) SBM in 50 mM
citrate buffer (pH 5.0). The reaction was conducted at 55 ◦C for 48 h, with 1.5-h prewetting
at 90 ◦C. The enzymatic activity was terminated by incubation at 100 ◦C for 5 min, followed
by centrifugation at 16,000× g for 5 min. The enzyme activity was determined by measuring
the amount of reducing sugars produced (as described in Section 2.5.2). One unit of enzyme
activity was defined as the amount of enzyme that released 1 µmol of reducing sugars per
minute under the assay conditions specified. All assays were performed in triplicate, and
average values were reported.

2.6. Biochemical Characterisation of Free and Immobilised Man26A
2.6.1. Temperature Optima

To determine the effect of temperature, the activities of the free enzyme (44.05 U/mg)
and immobilised enzyme (9.14 U/mg) were tested at temperatures ranging from 30–80 ◦C
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at intervals of 10 ◦C. The residual activity was measured at specific time intervals under the
standard assay conditions (as described in Section 2.5.3) and analysed by the DNS method
(Section 2.5.2). The maximal enzyme activity in each experiment was expressed as 100%
activity, which allowed the mannanase activity to be expressed as a relative percentage of
its maximal activity.

2.6.2. Thermostability Determination

The temperature effect on enzyme stability was determined at 55 ◦C during a period
ranging from 0–72 h. Both free (44.05 U/mg) and immobilised enzyme (9.14 U/mg) prepa-
rations were incubated in 50 mM citrate buffer (pH 5.0) at the temperature specified above.
The residual activity was measured at specific time intervals under the standard assay con-
ditions (as described in Section 2.5.3) and analysed by the DNS method (Section 2.5.2). The
maximal enzyme activity in each experiment was expressed as 100% activity, which allowed
the mannanase activity to be expressed as a relative percentage of its maximal activity.

2.6.3. PH Optima

The activity of the free (44.05 U/mg) and immobilised (9.14 U/mg) endo-1,4-β-
mannanase derived from A. niger was assayed at different pH values (2–9) using a universal
buffer [32]. A mannanase activity assay was conducted (as described in Section 2.5.3) and
analysed by the DNS method (Section 2.5.2). The maximal enzyme activity in each experi-
ment was expressed as 100%, which allowed the mannanase activity to be described as a
relative percentage of its maximal activity.

2.6.4. Kinetic Parameters of Immobilised and Free Endo-1,4-β-mannanase with LBG

The kinetic parameters were determined for the model substrate LBG in the concentra-
tion range of 0.5–15 mg/mL in 50 mM citrate buffer (pH 5.0), the complex substrate SBM
in the concentration range of 30–80 mg/mL in 50 mM citrate buffer (pH 5.0), with assay
conditions as described in Sections 2.5.3 and 2.5.4, respectively. The Michaelis–Menten
constant, KM, and maximum rate, Vmax, were determined using non-linear regression
analysis with GraphPad Prism 6.0 software.

2.7. Reusability of the Immobilised Man26A

The chitosan-immobilised endo-1,4-β-mannanase (0.02 g) was weighed and resus-
pended in 100 µL of 50 mM citrate buffer (pH 5.0). A reaction was then conducted according
to Section 2.5.3. At the end of the reaction, the immobilised mannanase was recovered
by centrifugation (16,000× g, 5 min) and was rinsed thrice with 50 mM citrate buffer (pH
5.0). Next, fresh 0.5% (w/v) LBG was added, and the activity was tested again according to
Section 2.5.3. After each cycle, the reducing sugar concentration produced by the immo-
bilised mannanase was determined. All reactions were prepared in technical duplicates
and biological triplicates.

2.8. HPLC Analysis of MOS Generated from SBM

For HPLC analysis, the following MOS standards were prepared at 0.01% (w/v);
mannose, mannobiose, mannotriose, mannotetraose, mannopentaose, and mannohexaose.
The HPLC-RID Shimadzu system (Shimadzu Corp, Kyoto, Japan) was set up using a
CarboSep CHO 411 column. Deionised water was used as the mobile phase in isocratic
mode at a flow rate of 0.3 mL/min, and the column temperature was set at 80 ◦C. All
samples and MOS standards used an injection volume of 20 µL.

2.9. Prebiotic Effects of SBM-Derived MOS
2.9.1. Bacterial Culture

The prebiotic activity of endo-1,4-β-mannanase-generated sugars was evaluated ac-
cording to the previously described method [33]. In vitro fermentation of the prebiotic
sugars was carried out by probiotic bacteria (Streptococcus thermophilus, Bacillus subtilis,
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and Lactobacillus bulgaricus) grown in 1 × M9 minimal media (2.5 g/L NaCl, 5 g/L NH4Cl,
15 g/L KH2HPO4 (pH 7.4)). Each strain was inoculated to an initial absorbance (OD600) of
0.1 and cultivated at 37 ◦C for 6 h. Batch fermentation was carried out in an M9 medium
supplemented with 0.0155% MOS and 1 mg/mL glucose as a positive control. A nega-
tive control, without a carbon source, was also prepared, and all the experiments were
completed twice (biological replicates) in triplicate (technical replicates).

2.9.2. Effects of MOS on Cell Viability

The viability of the cultured bacterial cells was determined by adding 50 µL of 0.02%
(w/v) of p-iodonitrotetrazolium chloride (INT) into a 96-well microtiter plate (Lasec, Cape
Town, WC, South Africa) containing 200 µL of the cultured bacterial sample. The plate was
incubated for 1 h at 27 ◦C, and the absorbance was measured at 490 nm using a Synergy
MX microplate reader (Biotek, Winooski, VT, USA).

Cell density was established by centrifuging (16,000× g, 3 min) 1 mL of bacterial
sample, removing the supernatant, and resuspending in 250 µL of phosphate buffer (pH
7.4). The samples were placed in a 96-well microtiter plate, and the absorbance (OD600)
was measured using a Synergy MX microplate reader.

2.10. Statistical Analysis

All data that are presented represent the means and standard deviations (SD) of
triplicates. A t-test was used to analyse all data using GraphPad Prism 6.0 software. A
p-value of less than 0.05 indicated statistically significant differences between the compared
datasets.

3. Results
3.1. Enzyme Immobilisation

Enzyme immobilisation and activity yields were calculated according to Section 2.3.
Immobilisation was achieved for chitosan with an immobilisation yield of 82.25%. The
specific activities of the immobilised enzyme on LBG were low compared to that of the
free enzyme (44.05 U/mg), with chitosan displaying a 9.14 U/mg specific activity. The
immobilisation yields of the β-mannanase on chitosan were highly successful, although
the activity yields showed that the binding was unproductive. Chitosan immobilised
endo-1,4-β-mannanase reached a 20.75% yield in activity.

3.2. Bio-Physical Characterisation of Immobilised Chitosan Nanoparticles
3.2.1. FTIR Spectroscopy

The FTIR spectra of untreated chitosan beads (chitosan), glutaraldehyde-activated
chitosan nanoparticles (A-CTS), and endo-1,4-β-mannanase-immobilised glutaraldehyde-
activated chitosan nanoparticles (CTS) can be seen in Figure 1. The identified peaks
were studied to perform the in situ analysis of the chitosan surface for investigating the
surface adsorption of functional groups due to the glutaraldehyde activation and the
enzyme immobilisation procedure. FTIR analysis of chitosan showed characteristic bands
at 3276 cm−1 (-OH stretching band), 2961 cm−1 (-CH stretching region), 2915 cm−1 (-NH),
and bands at 1642 cm−1 and 1604 cm−1 (-NH2). The A-CTS sample showed bands present
at 3260 cm−1 (-OH stretching vibration), 2967 cm−1 (-CH stretching region), 2915 cm−1

(-NH), 1730 cm−1 (-C=O), 1681 cm−1 and 1687 cm−1 (-C=N). The CTS sample experienced
prominent bands at 3206 cm−1 (-OH stretching vibrations), 2987 cm−1 (-CH stretching
region), 2910 cm−1 (-NH), 1730 cm−1 (-C=O), 1685 cm−1, and 1697cm−1 (C=N).
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Figure 1. Comparison of FTIR spectra of Chitosan, A-CTS, and CTS. FTIR spectra were obtained
from scans from 4000 to 600 cm−1.

3.2.2. X-ray Diffraction Analysis

XRD was used to investigate the change in chitosan’s structure after glutaraldehyde
activation and enzyme immobilisation. The XRD pattern of chitosan (Figure 2a) showed
two distinctive crystallinity peaks at 2θ = 10.558◦ and 19.661◦ associated with 020 and
110 planes of the crystallite, respectively. The morphology of the chitosan was altered after
activation with glutaraldehyde, this can be seen by the drastic drop in intensity with low
peaks associated with crystallinity of the biomass. Furthermore, the addition of Man26A
to the surface of the glutaraldehyde-activated chitosan led to the re-emergence of the
2θ = 20◦ peak; however, it was broad, this supporting evidence of immobilisation in an
ordered amorphous manner.
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Figure 2. X-ray diffraction patterns of (a) chitosan, (b) glutaraldehyde-activated chitosan nanoparti-
cles, and (c) endo-1,4-β-mannanase immobilised on glutaraldehyde-activated chitosan nanoparticles.

3.3. Biochemical Characterisation of Free and Immobilised Man26A
3.3.1. Effect of Temperature and pH on Enzyme Activity

The effect of temperature on the free and immobilised endo-1,4-β-mannanase indicated
that both enzymes had a similar optimum temperature of 60 ◦C (Figure 3a). Furthermore,
during thermostability determination, the activity of both the immobilised and free enzyme
increased over the first 10 h of incubation; thereafter, it decreased to approximately 75%.
After 72 h of incubation, the immobilised and free enzymes retained 18% and 12% of their
relative activity, respectively.
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Figure 3. (a) Temperature optimum (30–80 ◦C), (b) thermostability (0–72 h), and (c) pH optimum
study of immobilised (9.14 U/mg) and free (44.05 U/mg) endo-1,4-β-mannanase under hydrolysis
with 0.5% (w/v) LBG (30-min, 55 ◦C).

As shown in Figure 3, the optimum pH of the free enzyme shifted from its optimal
neutral pH (5–7) to a more acidic pH of 2–3 for the immobilised enzyme. The immobilised
endo-1,4-β-mannanase retained a higher relative activity below pH 4.

3.3.2. Kinetic Parameters

Under the optimal assay conditions, free and immobilised endo-1,4-β-mannanase
were evaluated for kinetic parameters against LBG (Figure 4a) and SBM (Figure 4b). The
LBG kinetics study for free and immobilised endo-1,4-β-mannanase exhibited KM and
Vmax values of 8.44 mg/mL and 55.36 U/mg-protein, and 7.74 mg/mL and 12.10 U/mg,
respectively (Figure 4a and Table 1). The kcat values of the immobilised and free enzymes
differed significantly, showing 322.6 s−1 and 5536 s−1, respectively. The kinetic parameters
against SBM (Figure 4b and Table 1) for the free and immobilised enzyme exhibited KM
and Vmax values of 53.43 mg/mL and 0.03099 U/mg, and 10.26 mg/mL and 0.02672 U/mg,
respectively. The kcat/Km favoured the immobilised enzyme reaction (0.0981 s−1 mg−1 mL)
when hydrolysing SBM as the substrate.
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Figure 4. Michaelis–Menten kinetics of free and immobilised endo-1,4-β-mannanase hydrolysing
(a) LBG (0.5–15 mg/mL) (30-min, 55 ◦C) and (b) SBM (30–80 mg/mL) (48 h, 55 ◦C). The kinetic
parameters were determined at the optimal pH and temperature for both enzymes. The values were
presented as mean ± SD (n = 3).
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Table 1. Kinetic parameters of free and immobilised endo-1,4-β-mannanase with LBG (0.05–0.15%
(w/v)) and SBM (3.0–8.0% (w/v)).

Substrate Kinetic Parameters Immobilised Enzyme Free Enzyme

LBG Vmax 12.10 55.36
Km (mg/mL) 7.74 8.44

kcat (s−1) 322.6 5536.0
kcat/Km (s−1 mg−1 mL) 41.67 655.85

SBM Vmax 0.02672 0.03099
Km (mg/mL) 10.26 53.43

kcat (s−1) 1.006 0.6199
kcat/Km (s−1 mg−1 mL) 0.0981 0.0116

3.4. Reusability of the Immobilised Man26A

Endo-1,4-β-mannanase was immobilised on chitosan-activated nanoparticles, facili-
tated by 1.25% (v/v) glutaraldehyde, as described by [28], as stated in Sections 2.2 and 2.3.
The reusability was analysed against the model substrate 0.5% (w/v) LBG (30 min, 55 ◦C),
which produced 0.960 mg/mL of reducing sugars after cycle 1. Reducing sugar production
by the immobilised enzyme dropped to 0.545 mg/mL by the 9th cycle. This showed that
recyclability could be successfully achieved with consistent results up to the 6th cycle, after
which the immobilised enzyme lost activity (as displayed in Figure 5).
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Figure 5. Recyclability test of endo-1,4-β-mannanase immobilised on chitosan using 0.5% (w/v)
LBG as substrate (30 min, pH 5.0, 55 ◦C). Each value in the panel represents the means ± SD
(n = 3). Relative absorbance (%) was used, with cycle 1 set as 100%. Key: **** (p-value < 0.0001);
** (p-value = 0.0096).

3.5. Utilisation of Immobilised Man26A on MOS Generation from SBM

The untreated SBM (Figure 6a) showed the presence of six distinctive peaks (Figure 6a,
peaks A–F). The results from the analysis of hydrolysed 6% (w/v) SBM by the free and
immobilised enzyme using HPLC-RID showed seven distinct peaks for the immobilised
(Figure 6b) and free mannanase (Figure 6c). The average net reducing sugar concentra-
tions, produced from the hydrolysis of SBM by the free and immobilised enzyme, were
between 0.25 mg/mL and 0.45 mg/mL. From the untreated SBM (Figure 6a), no MOS could
be confidently identified from the standards (M1–M6) (Figure 6a, peak A–F). Identical
unidentifiable peaks were present in the hydrolysed samples (Figure 6b, peaks A–F and
Figure 6c, peaks A–F). However, the hydrolysed SBM (Figure 6b,c) showed the presence of
M2 (Figure 6b, peak G and Figure 6c, Peak G) and M1 (Figure 6b, peak H and Figure 6c,
peak H) after hydrolysis with the relevant enzymes. These peaks were quantified using
standard curves, showing ±0.35 mg/mL concentrations. The concentration of M1 was too
low to be quantified from the standard curves for both enzyme hydrolysis samples.
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Figure 6. High-performance liquid chromatography analysis of (a) untreated 6% SBM, (b) hydrolysed
6% (w/v) SBM by immobilised endo-1,4-β-mannanase enzyme (9.14 U/mg), (c) hydrolysed 6% (w/v)
free endo-1,4-β-mannanase enzyme (44.05 U/mg). Analysed using a Carbosep CHO 411 column,
flow rate (0.26 mL/min), and a refractive index detector (RID). MOS standards were used to identify
peaks of interest (M1–M6).

3.6. Prebiotic Effects of SBM-Derived MOS

The prebiotic potential of MOS produced by the hydrolysis of SBM with immobilised
mannanases was evaluated. Figure 7 shows the cell viability (Figure 7a) and cell density
(Figure 7b) of the probiotics as a result of cultivation in MOS, positive (glucose) and negative
(no carbon source) controls.
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Figure 7. The evaluation of the prebiotic potential of SBM-generated sugars (0.155 mg/mL) produced
using free and immobilised endo-β-1,4-mannanase by in vitro fermentation by probiotic bacteria
(Streptococcus thermophilus, Bacillus subtilis, and Lactobacillus bulgaricus); (a) cell viability and (b) cell
density. “ns” = Not significant.

The probiotic strains: S. thermophilus, B. subtilis, and L. bulgaricus showed a significant
difference in cell viability when grown on the different carbon sources, with higher survival
in the presence of SBM-produced sugars by the free and immobilised enzymes when
compared to their positive control (p = 0.0016; p < 0.0001; p = 0.0001 and p = 0.0012;
p < 0.0001; p = 0.0001, respectively) (Figure 7a). Similarly, the cell density study (Figure 7b)
showed that probiotics amassed more cell mass in the presence of SBM-produced sugars
over the positive control of glucose. These values showed a greatly significant difference for
the probiotic strains S. thermophilus, B. subtilis, and L. bulgaricus of the free and immobilised
enzymes compared to their positive controls (p = 0.0008; p < 0.0001; p = 0.0018; and
p = 0.0002; p < 0.0001; p = 0.0009, respectively). The results confirmed that there was no
significant difference in probiotic response, in reference to cell viability and cell density,
for the SBM-produced sugars by the free and immobilised enzymes for the probiotics
S. thermophilus, B. subtilis, and L. bulgaricus (p = 0.8754; p = 0.9261; 0.0902; and p = 0.1096;
p = 0.1049; 0.06085, respectively).
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4. Discussion

To promote a sustainable food production system, antibiotic alternatives such as
prebiotic MOS are vital for producing healthy and nutritious poultry products [34]. The
production of MOS from SBM was investigated using an immobilised mannanase to
establish the feasibility of attempting to create a cheaper and more reusable reaction to
benefit the poultry industry.

Enzyme immobilisation on glutaraldehyde-activated chitosan nanoparticles was in-
vestigated to develop a cost-effective strategy to enhance the enzymes’ stability, activity,
and recyclability [35]. After immobilisation, the immobilisation and activity yields were
determined as 82.25% and 20.75%, respectively.

The FTIR spectra of Chitosan, A-CTS, and CTS (Figure 1) were established. Broad
bands stretching between 3700cm−1 to 3000 cm−1 for the Chitosan, A-CTS, and CTS
samples were attributed to O-H stretching vibrations. A shift in wavenumber was identified
from 3276 cm−1 (Chitosan) to 3260 cm−1(A-CTS) and then to 3206 cm−1 (CTS). This is due
to a change in confirmation of the chitosan after glutaraldehyde activation and enzyme
immobilisation [28]. A band at 2961cm−1 (Chitosan) shifted to 2967 cm−1 (A-CTS) and then
2987 cm−1 (CTS) with each step in the immobilisation procedure. This has been allocated to
a C-H stretching region, prominent from the pyranose ring of chitosan [36,37]. The increase
in wavenumber confirms the addition of C-H bonds to the A-CTS and CTS samples,
likely caused by the activation of chitosan by glutaraldehyde and immobilisation of the
endo-1,4-β-mannanase enzyme, respectively. The next prominent peak for the samples
under investigation was distributed at 2915 cm−1 (Chitosan and A-CTS) and 2910 cm−1

(CTS)—this has been attributed to an N-H stretching region [28]. Evidence from the FTIR
spectra confirms the activation of chitosan by glutaraldehyde. A band at 1730 cm−1 for
the CTS and A-CTS confirmed the presence of a C=O within the structure. This band is
absent in the untreated chitosan—indicating that the reaction with glutaraldehyde resulted
in the addition of free aldehyde groups. The untreated chitosan sample experience two
bands, absent in the A-CTS and CTS samples—distributed at 1642 cm−1 and 1604 cm−1;
these were attributed to the presence of an amide (NH2) characteristically found within
the chitosan structure [38–40]. This was previously seen by [40] and described as the
asymmetric bending of -NH2. The A-CTS and CTS samples saw an intensification and shift
to the above-mentioned bands (1642 cm−1 and 1604 cm−1) resulting in the formation of
bands at 1681 cm−1 and 1687 cm−1, and 1697 cm−1 and 1685 cm−1, respectively. This shift
was attributed to the formation of an Imine bond (C=N). This initially occurs because of
the untreated chitosan (NH2) binding to the free aldehyde of groups of glutaraldehyde
(C=O), this otherwise being described as a Shiffs base formation [38–40]. The wavenumber
is then slightly shifted for the CTS, which is attributed to additional imine bonds due
to free aldehyde groups (C=O) binding to the free amide groups found on the surface
of the endo-1,4-β-mannanase. The above evidence from FTIR confirms the activation of
chitosan and immobilisation of the endo-1,4-β-mannanase by the formation of an imine
bond (C=N) [28,39,40]. It has been previously stated in the literature that the formation of
an imine bond by a reaction involving an amine and an aldehyde will result in a bond with
covalent characteristics [41–44].

XRD analysis of untreated chitosan (Figure 2a) showed characteristic peaks of chi-
tosan’s crystalline structure at 2θ = 10.558◦ and 19.661◦. These peaks have been identified
frequently in the literature during XRD analysis of chitosan [44–46]. An additional peak
was visible from the untreated chitosan sample, present at 2θ = 42.531◦, this was confirmed
by literature to be a common peak of untreated chitosan [46,47]. Analysis of the A-CTS
sample showed a drastic drop in the intensity of the crystallinity peaks, with a slight shift
in 2θ 19.661◦ peak to 18.032◦, this being an attribute previously seen with the activation
of chitosan by glutaraldehyde [48]. The XRD analysis of A-CTS (Figure 2b) confirmed the
alteration of the chitosan by addition of glutaraldehyde. The drop in intensity between
the untreated chitosan (Figure 2a) and the A-CTS (Figure 2b) is due to the formation
of an amorphous structure. This is as a result of glutaraldehyde causing substitutions
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within the chitosan’s hydroxyl and amino groups, leading to the deformation of hydrogen
bonds [46,48]. The CTS sample (Figure 2c) was analysed via XRD with supporting evi-
dence of enzyme immobilization. Peak intensity remained low as a result of the previous
activation of chitosan by glutaraldehyde. Several new peaks were formed, 2θ = 18.032◦,
22.631◦, 24.739◦, 31.064◦, 33.363◦, 37.005◦, 42.531◦, 45.533◦, 49.469◦, and 51.569◦—with
peaks at 2θ = 18.032◦ and 42.531◦ remaining unchanged compared to the A-CTS XRD
analysis (Figure 2b). The addition of new peaks confirms the strong binding of the endo-
1,4-β-mannanase to the glutaraldehyde activated chitosan nanoparticles, like what was
previously seen in literature [49].

The biochemical characteristics (Figure 3) of the free and immobilised mannanase on
glutaraldehyde-activated chitosan nanoparticles were investigated. The free and immo-
bilised enzymes’ temperature optimum (Figure 3a) was established at 60 ◦C. This result has
been observed previously, where endo-1,4-β-mannanase derived from Clitocybe geotropa
immobilised on chitosan-coated magnetite nanoparticles was found to exhibit the same
temperature optima for both the free and immobilised enzyme [50]. The thermostabilities
of the enzymes in the current study were established (Figure 3b), where it was shown
that both enzymes retained 100% activity over the first 6 h and, thereafter, retained 30%
activity. This result was not expected, as immobilisation by crosslinking can increase en-
zyme stability [28,29]. The pH optima of the immobilised and free mannanase (Figure 3c)
were pH 3 and pH 6, respectively. This finding is different to that of an immobilised and
free mannanase from Streptomyces sp., which retained the same optimum pH value of
7.5 [28]. The reduced pH benefits the industrial industry as the chances of microbial con-
tamination of the immobilised enzyme are reduced. This is a likely problem of long-term
enzyme storage [51].

The kinetic parameters (Figure 4 and Table 1), obtained by non-linear regression of the
Michaelis–Menten plot, showed that the KM and Vmax values of the enzymes were affected
by the immobilisation procedure. Kinetic parameters were determined for the model
substrate LBG (Figure 4a and Table 1) and the complex substrate under investigation, SBM
(Figure 4b and Table 1). For LBG, a slightly lower KM for the immobilised enzyme against
the free enzyme could be attributed to either a change in the enzyme’s conformation or to
improved access of the substrate to the active sites of the enzymes [51]. This result showed
that the immobilised enzyme had a slightly higher affinity for the LBG substrate than the
free enzyme. The decrease in Vmax after immobilisation shows that the efficiency of the
enzyme to catalyse the reaction is lowered drastically after the immobilisation procedure.
The results for Vmax and KM did not correlate with literature, as Dhiman and colleagues [52]
obtained results which showed that the hydrolysis of LBG by a mannanase immobilised
onto sodium-alginate beads displayed a lower affinity for the substrate than that of the
free enzyme. The kinetic analysis with SBM contradicted that of the soluble substrate, LBG.
The immobilised enzyme’s affinity for the substrate (as shown by the KM) was significantly
higher than that of the free enzyme. This result was previously experienced by [49]. It was
hypothesised to be due to an improved orientation of the enzyme, increasing accessibility
to the active site by the substrate. However, this result was seen with LBG and not with an
insoluble substrate such as SBM. The Vmax showed that when the enzyme under question
is hydrolysing an insoluble substrate such as SBM, the free and immobilised enzyme’s
catalytic efficiency acted similarly—displaying deficient catalytic ability compared to a
soluble substrate.

The enzyme-immobilised chitosan nanoparticles were then assessed for their recycla-
bility. In previous studies where an endo-1,4-β-mannanase derived from a Streptomyces
species was immobilised on chitosan nanoparticles, an 83.6% activity yield was reported,
providing evidence of the potential to increase activity with this method of immobilisa-
tion [28]. The recyclability study for the chitosan immobilisation (Figure 5) showed that the
enzyme activity maintained a high reusability up to the 6th cycle, after which a decrease in
activity was experienced. This shows great potential for a reusable mannanase formulation
to produce prebiotic MOS.
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The characterisation of the SBM-produced sugars, present with and without enzyme
hydrolysis by free and immobilised enzymes, was performed by HPLC (Figure 6). The
average net, reducing sugar concentration was between 0.25 mg/mL and 0.45 mg/mL for
the free and immobilised enzymes, respectively. The identification of MOS residues from
the standard curve showed that sugars were present within the untreated SBM sample;
however, none of these sugars could be identified as MOS (Figure 6a, peak A–F). After
hydrolysis, two distinct peaks were present (Figure 6b, peak G and H and Figure 6c, peak G
and H); these were identified as M2 and M1, respectively. Quantifying the sugars produced
after hydrolysis showed that approximately 0.35 mg/mL of the reducing sugars were M2,
whilst M1 concentrations were too low to quantify using the generated standard curves.

The final aim of the study was to investigate the prebiotic potential of MOS with
three probiotic strains: S. thermophilus, B. subtilis, and L. bulgaricus. The cell viability and
cell density were tested to determine whether prebiotic MOS can stimulate the growth
and metabolic activity of the probiotics under investigation [53]. The probiotic bacteria
B. subtilis was investigated for its ability to utilise SBM-produced prebiotic sugars with
great success. Studies through literature showed that B. subtilis contains a mannose utilisa-
tion locus (PUL) encoding for three factors contributing to the uptake and utilisation of
mannose towards glycolysis—these include a transcriptional factor, a phosphotransferase
system (PTS) mannose-specific enzyme, and mannose-6-phosphatase [53]. This informa-
tion supports and confirms the obtained results of B. subtilis successfully utilising MOS
in this study. The probiotic bacteria Streptococcus thermophilus was investigated for SBM-
produced sugar utilisation, with results showing great success against the positive control
of glucose. Within the research of transcriptional analysis of Streptococcus mutans [54], it
was observed that an operon (SMU.1956 to -1961) within the phosphoenolpyruvate-sugar
PTSs, was described to hold inducible fructose and mannose sugar-specific multiprotein
permeases (EIIFru/Man) in both the cytoplasm (EIIA and EIIB) and the membrane channel
(EIIC), with transcription initiated in the presence of mannose [54]. Previous literature
observed mannose to stimulate an induction response of up to 37-fold higher than mannitol-
grown cells [54]. The Streptococcus thermophilus strain utilised the SBM-produced sugars
efficiently—this information is supported by [54] and the Streptococcus strain’s ability to
induce transcription in the presence of mannose. According to literature, Lactobacillus
species such as Lactobacillus casei possess the capability for mannose/fructose metabolism,
a process regulated by LSEI_0681 [55]. However, the inhibition MOS utilisation will occur
within a nutrient-deficient environment, resulting in the downregulation of LSEI_0681. In
this study, the ability of the probiotics to access salt was not limited [55]; therefore, the
results obtained for mannose utilisation are achievable. The immobilised enzyme displayed
consistently higher results than the positive and negative control. This could be attributed
to the utilisation of SBM-produced sugars by probiotic bacteria, but further research needs
to be conducted to confirm this. The cell density was then tested—this describes how well
the cells increased in mass in solution, but it cannot distinguish between dead or live cells.
Optical densities for cell viability and cell density were closely related, confirming that
no significant proportion of cell death occurred within the study for the SBM-produced
sugars-stimulated probiotic strains.

5. Conclusions

It was confirmed via FTIR and XRD that an endo-1,4-β-mannanase derived from
A. niger was immobilised on glutaraldehyde-activated chitosan nanoparticles by covalent
attachment. The immobilised enzyme showed successful recyclability over six consecutive
cycles, with a 50% drop in reusability after the 9th cycle. The physicochemical parameters
of the immobilised and free enzyme showed that the optimum temperature (60 ◦C) and
thermostability remained unchanged after the immobilisation procedure. However, the pH
optimum of the immobilised enzyme (pH 2.0) became more acidic than the free enzyme
(pH 6.0). The immobilised mannanase was then used to generate β-MOS from SBM, which
were characterised by HPLC, showing the production of M2 as the major by-product
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of SBM hydrolysis. The prebiotic potential of SBM-produced sugars showed improved
cellular growth and viability of probiotic bacteria compared to glucose as a carbon source.
This study supported that immobilised mannanase can be used for sustainable prebiotic
production from mannan-containing agricultural feedstocks.
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