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Immobilization of Xylanase onto Starch Nanoparticles: A
Reusable and Robust Nanobiocatalyst for Juice Clarification

Gamze Dik, Biisra Bakar, Ahmet Ulu,* Siileyman Kéytepe, and Burhan Ates*

Nanoparticles (NPs) have attracted interest recently as a promising support
for the immobilization of enzymes.Xylanase (Xyl) has been utilized in the food
industry for several purposes. To improve its stability and reusability,starch
NPs (SNPs)are synthesized and assessed for Xyl immobilization for the first
time. . The characterization results reveal that SNPs are successfully
synthesized and Xyl@SNPs are effective as the immobilization carrier. The Xyl
is immobilized on SNPs under optimized conditions leading to 91%
immobilization efficiency. A shift in optimum pH (from 6.0 to 8.0) and
temperature (from 70 to 60 °C) of Xyl is observed after immobilization. The
Xyl@SNPs possess improve pH stability and thermal stability as well as
operational stability. The Xyl @ SNPs are easily reutilized and the residual
activity is still higher than 62% after seven times. More importantly, the
Xyl@SNPs have a lower K, value and enhance affinity for the substrate
compared to the free Xyl. Additionally, the clarity of orange juice is increased
by 76.0% by using Xyl @ SNPs after 2 h incubation at 60 °C, pH 8.0. These
positive results show promising support for the Xyl immobilization of SNPs,
confirming that this immobilized enzyme-based strategy is an effective

technique for rapid clarification of targeted juices.

1. Introduction

Xylan is a linear homopolymer containing p-xylose monomers
linked via g-1,4-glycosyl bonds and is considered the second most
abundant renewable biomass in nature after cellulose.l'! Nowa-
days, xylan-degrading enzymes have managed to attract the atten-
tion of researchers as one of the most important commercial en-
zymes because of their widespread applications in several indus-
trial processes such as juice purification, power generation, raw
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material remediation, and textile bio-
processing.[?) Among them, xylanase (1,4-
p-xylan xylanohydrolase, EC 3.2.1.8, Xyl),
which hydrolyzes xylan, is a biotechnolog-
ically important commercial enzyme.(!
Xyl enzyme has been utilized in the food
industry for various purposes(!! such as
improving the sensory properties of wheat
bread,*! clarifying fruit juices,’! converting
agricultural residues into useful products,[®!
increasing oil extracted from plants,/”! opti-
mizing the ethanol production process,!®!
and improving animal feed digestibility.!
Even though Xyl enzyme is used in a
wide range of industrial applications, the
high production cost due to drawbacks
including short life, poor operational sta-
bility, high sensitivity to environmental
conditions and not being reusable limits
the use of Xyl enzyme.l’) These annoying
problems can be overcome by the immo-
bilization of enzymes on solid supports
that allow them to be easily separated
from the reaction medium after catalytic
cycling. Moreover, the immobilization strategy allows the re-
peated use of enzymes as well as maintaining pH, thermal
and storage stability of the enzymes.['”) In addition, enzyme
immobilization offers better operation control, flexibility of re-
actor design, and ease separation of enzyme from the re-
action product; thereby minimizing the chances of product
contamination.['-1¢]

The selection of an appropriate support is an important key
to the immobilization process. Otherwise, the activity of the en-
zyme may be significantly inhibited or even completely dena-
tured. In general, a support is considered ideal when it has low
cost, high physical and chemical stability, good biocompatibility,
and many points for enzyme binding.['’] To date, Xyl has been
immobilized on various kinds of supports such as organic,*®!
inorganic,® and hybrid materials.}) Among them, nanoparti-
cles (NPs) as immobilization support have received great atten-
tion due to their specific surface area, facile modification, sim-
ple separation, mass transfer resistance, and effective enzyme
loading .21l Owing to their excellent properties, NPs have been
used widely in the study of immobilized enzymes in recent
years. For instance, trichlorotriazine-functionalized polyethy-
lene glycol grafted magnetic NPs,[) 1,3,5-triazine-functionalized
silica-encapsulated magnetic NPs,'! SiO, NPs,[??l and carbon-
coated chitosan NPs!®] were employed as support for Xyl
immobilization.

© 2023 Wiley-VCH GmbH
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Starch containing amylose and amylopectin is one of the
natural biopolymers, which is biocompatible, biodegradable,
and bio-adhesive.’*) Due to its biodegradability, abundance,
and low cost, starch is widely used as a support in drug
and enzyme carrier systems.!?’) Most importantly, starch can
form hydrogen bonds between the enzyme due to its hy-
droxyl units, increasing the immobilization capacity and also
providing structural stability.?*] For example, the lipase en-
zyme was immobilized on the magnetic NPs by dialde-
hyde starch from Yang et all?’] Similarly, starch-polyester
biosupport was used for lipase immobilization.l®] In our
previous works, poly(2-hydroxyethyl methacrylate) (pHEMA)-
starch composites,!*’! poly(methyl methacrylate) (pMMA)-starch
composites,*% and starch functionalized biodegradable p(MAA-
co-methacrylic acid)?! were utilized for immobilization of 1-
asparaginase. On the other hand, starch nanoparticles (SNPs)
have been shown to have advantageous physicochemical and bio-
logical properties compared to natural starch such as larger reac-
tion surface, absorption capacity, and biological penetration rate;
therefore, they are more suitable to be used as carriers to facilitate
the transport of bioactive compounds.!]

In recent years, the increase in healthy nutrition has also in-
creased the demand for fruit juice consumption. This situation
has increased the importance of fruit juice in the beverage in-
dustry at the commercial level. The most challenging process
in commercially produced fruit juices is the removal of turbid-
ity caused by hemicellulose, pectin, and starch in fresh fruit
juices.[*?] In this context, enzymatic processing or clarification of
fruit juices increases juice yield, shelf life, and storage stability,
and preserves the natural nutritional quality of fruit juice. En-
zymatic processes are gaining importance in juice clarification
due to the low toxicity, mild reaction conditions, green chem-
istry, and substrate specificities of the enzymes.[**] Xyl enzyme,
which has recently gained more importance in the food indus-
try, attracts the attention of researchers in the juice clarification
process.

To the best of our knowledge, it is worth noting that this study
is the first approach to investigate the use of SNPs as support
for Xyl immobilization. Besides, we anticipate that effectiveness
of Xyl@SNPs in fresh juice clarification process will lead to its
application in the industrial field. Motivated by the superior fea-
tures and many applications of SNPs, herein, the bare SNP of
hydrodynamic diameter range between 200 and 300 nm were
synthesized by a simple nanoprecipitation method from native
potato starch (Solanum tuberosum). Subsequently, using the ad-
sorption technique, Xyl from Aspergillus oryzae was immobilized
into SNPs. It is well known that adsorption is the easiest im-
mobilization method without changing the natural structure of
the enzyme.?*l The functional groups, crystal structure, surface
morphology, elemental composition, and hydrodynamic diame-
ters of the synthesized SNPs were analyzed. The aforementioned
features of the Xyl@SNPs were evaluated further. The effect of
temperature and pH was extensively investigated to achieve out-
standing results. Kinetic parameters changed by immobilization
were determined and compared with commercial free Xyl. In ad-
dition, the reusability of Xyl@ SNPs was examined by performing
successive catalytic cycles under optimized conditions. Eventu-
ally, Xyl@SNPs were used by measuring the transmittance for
orange juice clarification.
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2. Experimental Section

2.1. Materials

All the reagents were of analytical grade and were used without
any further purification. Xyl from A. oryzae (>2500 units g~!, re-
combinant), soluble starch from potato, absolute ethanol, and
xylose were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). Beechwood xylan used as substrate was ob-
tained from (Carl Roth, Karlsruhe, Germany). 3,5-Dinitrosalicylic
acid (DNS) was supplied by Alfa Aesar (Haverhill, MA, USA).
Urea and sodium hydroxide (NaOH, >98%) were purchased
from Merck (Darmstadt, Germany). Enzyme and substrate solu-
tions were prepared freshly just before use. Type 1 ultrapure wa-
ter (Millipore Direct-Q 3 water purification system, Merck KGaA,
Darmstadt, Germany) was used to prepare all buffers and aque-
ous solutions.

2.2. Analytical Instruments

The functional groups of the samples were analyzed by FTIR
spectroscopy (PerkinElmer) in the range of 650-4000 cm™ at a
resolution of 4 cm™'. The crystallographic spectra were recorded
on XRD (Rigaku RadB-DMAX II) with Cu Ka radiation in the 26
range of 10°-80°. The SEM micrographs of SNPs and SNPs@Xyl
were collected using an EVO 40-LEO computer-controlled SEM
device (LEO Ltd., Cambridge, UK). The elemental composition
was determined via an EDX detector (model 125 eV; Bruker AXS,
Berlin, Germany). The hydrodynamic diameters of the synthe-
sized SNPs along with the polydispersity index (PDI) were ob-
tained using a particle size analyzer (Litesizer 500, Anton Paar,
Graz, Austria). The absorbance measurements were performed
on an Eon Microplate Reader controlled by Gen5 2.0 Data Analy-
sis Software (BioTek Instruments, Inc., Winooski, VT, USA).

2.3. Preparation of SNPs and Xyl @ SNPs

The SNPs were prepared by the addition of starch solution into
excess absolute ethanol under controlled conditions according
to Chin et al.?*l with minor modifications. Briefly, NaOH/urea
(0.8:1.0 wt%) solution mixture was used as a solvent system
to dissolve potato starch. Afterward, 1% wt of potato starch so-
lution was prepared by using the prepared solvent medium at
room conditions. One milliliter of starch solutions was added
dropwise into 15 mL of absolute ethanol that was stirred con-
tinuously using a magnetic stirrer. The resulting mixtures were
then centrifuged at 14 000 rpm for 15 min and the super-
natants were rinsed three times with absolute ethanol to remove
NaOH and urea. The washed SNPs were dried in a vacuum oven
(50 °C) overnight. The preparation method of Xyl@SNPs was
performed as follows: 50 U mL~! of Xyl solution was placed in
the tube with 25 mg of SNPs. Then the solution was stirred
at 250 rpm at 4 °C overnight. Finally, the regenerated SNPs
and SNPs@Xyl were collected under similar centrifugation con-
ditions and freeze-dried overnight. The lyophilized SNPs and
Xyl@SNPs were stored at 4 °C for characterization processes and
further use. Figure 1 shows a schematic representation of the
preparation of SNPs and immobilization of Xyl.
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Figure 1. Schematic representation of the preparation of SNPs and immobilization of Xyl. SNP, starch nanoparticle; Xyl, xylanase.

2.4. Catalytic Assay of Free Xyl and Xyl@SNPs

Xyl activity was determined by measuring the amount of reduc-
ing sugars (xylose equivalents) produced from beechwood xylan
hydrolysis using the DNS method.[?! In brief, a xylan solution
(1% w/v) was prepared by dissolving xylan in 50 mM acetate
buffer, pH 6.0. An appropriate amount of free Xyl (0.4 U) and
Xyl@SNPs (2 mg) was incubated with 1 mL of xylan solution for
10 min at 50 °C. Afterward, the Xyl@SNPs were recovered us-
ing a centrifuge process, and 1.5 mL DNS was added into the
test tubes containing both free Xyl and Xyl@SNPs to terminate
the process. The test tubes containing the reaction solution were
heated in boiling water. After boiling for 5 min, it was cooled at
25 °C and the absorbance measurements at 540 nm of released
reducing sugars were performed on an Eon Microplate Reader
controlled by Gen5 2.0 Data Analysis Software (BioTek Instru-
ments, Inc., Winooski, VI, USA). The amount of released re-
ducing sugars was determined from the xylose standard curve.
One unit (IU) of Xyl activity was defined as the amount of en-
zyme that catalyzes the release of 1 umol of reducing sugar per
minute equivalent of xylose under optimal assay conditions.*]
All measurements were performed in triplicate and results were
presented as mean + standard deviation.

2.5. Effect of pH and Temperature
The effect of pH and temperature on the activity of free Xyl and

Xyl@SNPs was evaluated at varying pH and temperature values,
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according to the standard assay condition. The effect of pH was
estimated by incubating free Xyl and Xyl@SNPs with 1% of xy-
lan solution at varying pH values ranging from 4.0 to 9.0. For
the effect of temperature, the free Xyl and Xyl@SNPs were in-
cubated for 10 min at a temperature range of 30-80 °C, with
10 °C intervals. The highest activity was considered as 100%
for each enzyme sample and the other results were presented
as relative activity. In addition, the pH and temperature values,
where the highest relative activity was observed, were recorded as
optimum.

Additionally, the activation energy (E,) of both free Xyl and
Xyl@SNPs was calculated from the slope of the Arrhenius plot
according to the following Equation (1). The slope was deter-
mined by plotting the graph of the log of relative activity versus
1000/ T [K].1%¢)

Ea
Slope = — x (1)

The temperature coefficient value (Q,,) for optimal tempera-
tures of free Xyl and Xyl@SNPs was calculated via the following
Equation (2).7]

10 = antilog (E,10/RT) ()

where E, is the activation energy (k] mol™'), R is the gas con-
stant (8.314 ] mol~! K7!), and T is the absolute temperature (K).
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2.6. Reusability of Xyl @ SNPs

Reusability (operational stability) can make the enzyme economi-
cally viable and is one of the key parameters for cost-effective use
in large-scale applications. The activity of Xyl@SNPs was mea-
sured in optimal assay conditions (60 °C and pH 8.0) according
to the mentioned method for determination of activity. Follow-
ing each reaction step, the Xyl@SNPs were removed by centrifu-
gation and washed with Tris-HCI buffer (50 mwm, pH 8.0). Af-
ter washing, it was used for the next test of substrate hydrolysis.
The above steps were repeated seven times. Using the obtained
data, the residual activity was measured using the initial activity
of 100%.

2.7. Kinetic Profiling of Free Xyl and Xyl@SNPs

The kinetic constant (K,,) and maximum reaction rate (V,,,,) of
free Xyl and Xyl@SNPs were evaluated by using different xylan
concentrations (1-10 mg mL™?). Linear regressions were fitted to
Lineweaver—Burk plots and K, and V,,, values were calculated
according to slope and intercept, respectively. Additionally, the
turnover number (k,), catalytic efficiency (k. /K,,), and speci-
ficity constants (V,,,,/K,) were estimated according to Wehaidy
et al.®8!

2.8. Preparation and Clarification of Orange Juice

The clarification process was carried out as reported by Haile
et al.l®) Oranges (Citrus sinensis) were purchased from the lo-
cal market. The fresh orange juices were prepared by a blender
and fruit pulps were separated from the juices by centrifuging
at 5000 rpm for 10 min. The juice yield was calculated via Equa-
tion (3). After that, 2 mL of juice pulp was treated with 15 mg
of Xyl@SNP at 60 °C for 2 h versus the untreated juice sam-
ple as a control. The samples were heated for 5 min in a boil-
ing water bath to inactivate them at the end of the incubation
period. Afterward, the samples were centrifuged at 5000 rpm for
5 min after treatments. By measuring the transmittance (T) at
a wavelength of 660 nm through a UV-Vis spectrophotometer
(Shimadzu 1601, Kyoto, Japan), the clarity of the juice was evalu-
ated.

weight of juice

Juice yield (%)= x 100 (3)

weight of fruit
2.9. Statistical Analysis

Experiments were performed in triplicate and data were ex-
pressed as mean + standard deviation. Statistical analysis was
performed by GraphPad Prism software version 8.0 (GraphPad
Software, USA). Statistical significance was considered signifi-
cant when the p-value was less than 0.05.

3. Results and Discussion
3.1. FTIR Characterization
The FTIR spectra of the native starch, SNPs, and Xyl@SNPs are

shown in Figure 2. FTIR spectra of native starch and SNP were
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Figure 2. FTIR spectra of starch, SNPs, and Xyl@SNPs. FTIR, Fourier
transform infrared spectrometry; SNP, starch nanoparticle; Xyl, xylanase.

remarkably similar. The spectra of the native starch and SNPs
exhibited a characteristic peak around 3300 cm™! that may be
assigned to inter- and intramolecular hydrogen-bonded hydroxyl
groups.[*?l A small peak at 2928 cm™! was also observed due to the
C-H stretching vibrations.[**#!] The different wavenumber and
their identification were attributed to 1634 cm™' (OH bending
of water), 1148 cm™! (C-O stretching), 1078 cm™! (C-O-C sym-
metrical stretching), and 1000 cm™' (COH bending).[*?] However,
as noted by Andrade et al.,[**! some bands in the SNP spectrum
showed different intensities compared to native starch, especially
in the fingerprint region (under 800 cm™ and between 800 and
1500 cm™!) where the characteristic peaks of starch were ob-
served. Similarly, the characteristic bands of the FTIR spectrum
of Xyl@SNPs were identical to those of the SNPs. Additionally,
compared with SNPs, absorption bands at 1635 and 1560 cm™!
can be seen in the spectrum of Xyl@SNPs, which were related
to C=0 stretching (amide I) and N-H bending (amide II) of the
enzyme, respectively.*+*] All these spectral results indicated that
the SNPs were successfully synthesized and Xyl was immobilized
into SNPs.

3.2. XRD Investigation

To check the crystallinity of SNPs and Xyl@SNPs, XRD anal-
ysis was performed. Figure 3 shows the XRD diffraction pat-
terns of the SNPs and Xyl@SNPs. The SNPs displayed a V-type
structure with 26 sharp characteristic diffraction peaks at 13.8°
(111) and 20.0° (211) with low intensity and broad amorphous
diffraction peaks. Similar results were obtained from previous
studies.[**’] For Xyl@SNPs, the same two major characteristic
peaks were also observed, but, the changes in peak intensities
occurred, which is probably due to the immobilization process.
Altogether, this implies that there was no phase change in SNPs
after Xyl immobilization.
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Figure 3. XRD patterns of SNPs and Xyl@SNPs. SNP, starch nanoparticle;
XRD, X-ray diffraction; Xyl, xylanase.

3.3. SEM-EDX Characterization

The SEM micrographs of the SNPs and Xyl@SNPs are shown
in Figure 4. As shown in Figure 4A, the SNPs were irregular in
shape and size. Chin et al. reported?*] that a mixture of spherical
SNPs and elongated fiber-like particles were formed when the
volume ratio of starch solution to absolute ethanol was changed
to 1:15. Based on the previous characterization methods, SNP
particles were successfully prepared, which was consistent with
the conclusions of Chin et al.[**! and Ahmad et al.l[*®] In addition,
the micrographs of the Xyl@SNPs demonstrated an increase in
particle size and the formation of porous cavities on the surface
of SNPs (Figure 4B), which can be attributed to the successful
immobilizing of the Xyl enzyme.

EDX measurement was also carried out for the elemental anal-
ysis of the SNPs and Xyl@SNPs as shown in Figure 5. EDX
measurements were performed at three different regions. Since
starch consists of glucose units, the presence of carbon (C), hy-
drogen (H), and oxygen (O) elements is expected. As expected,
peaks of C and O were observed. However, H could not be dis-
tinguished because there are no core electrons in H, only valence
electrons.[* The presence of the sodium (Na) peak was caused by
the NaOH used in the synthesis process. The EDX analysis also
confirmed the successful synthesis of Xyl@SNPs, as the peaks
showed the presence of nitrogen (N) and sulfur (S) in SNPs. The
N and S peaks indicated that the Xyl enzyme was successfully
immobilized into SNPs.

3.4. DLS Analysis

The hydrodynamic diameters of the synthesized SNPs and
Xyl@ SNPs were measured by DLS (Figure 6). The hydrodynamic
diameters of the SNPs and Xyl@SNPs were found to be 200 +
9.8 nm and 286 + 5.2 nm, respectively. The increase in hydrody-
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Figure 4. Micrographs obtained by SEM of SNPs A) and Xyl@SNPs B).
SEM, scanning electron microscopy; SNP, starch nanoparticle; Xyl, xy-
lanase.

namic diameter of Xyl@SNPs compared to SNPs was due to the
presence of immobilized Xyl. This is consistent with our previous
report.>%l The polydispersity of the synthesized SNPs was also
noted. The PDI values were determined to be 0.284 + 0.004 for
SNPs and 0.241 + 0.011 for Xyl@SNPs. As a result, the low PDI
values obtained for both formulations indicated that the suspen-
sion of SNPs produces narrow size distribution and consequently
homogeneous distribution.*!!

3.5. Effect of pH and Temperature

In this study, two key variables that affect enzyme activity (pH
and temperature) were examined. Figure 7A shows the activity
profiles of the free Xyl and Xyl@SNPs, the pH of which ranged
from 4 to 9. As illustrated in Figure 7A, the behavior of free Xyl
and Xyl@SNPs varied in buffers with different pH levels. The
free Xyl has an optimum pH of 6.0 whereas that of the Xyl@ SNPs
shifted 2.0 units to a more alkali pH value (8.0). Similarly, Rezayat
etal.5?] and Kharazmi et al.[] reported the optimum pH value for
free and immobilized Xyl as 6.5 and 7.5, respectively. The binding
of the support material and enzyme, which caused the enzyme
to change in conformation, was the primary cause of the altered
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Figure 5. SEM-EDX analysis of SNPs and Xyl@SNPs. EDX, energy dispersive X-ray; SEM, scanning electron microscopy; SNP, starch nanoparticle; Xyl,

xylanase.

properties of Xyl after immobilization. Comparatively, at lower
pH values, free Xyl was more tolerant to pH changes, whereas the
Xyl@SNPs were more stable than the free Xyl in the pH range
0f 7.0-9.0. Analysis results showed that immobilization changed

Il s\Ps
I Xy/@SNPs

Intensity (%)
[}
1

04
10 100 1000

Hydrodynamic diameter (nm)

Figure 6. DLS examination for the hydrodynamic diameter distribution of
SNPs and Xyl@SNPs. DLS, dynamic light scattering; SNP, starch nanopar-
ticle; Xyl, xylanase.
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the pH stability of the enzyme. Similarly, these observations were
consistent with previous studies.[>*>?]

The effect of temperature on the activity of commercial en-
zymes such as Xyl is of vital importance in bioprocesses. As
shown in Figure 7B, the effect of temperature on the reac-
tions was monitored between 30 and 80 °C. For free Xyl and
Xyl@SNPs, the optimal temperatures were 70 and 60 °C, respec-
tively. Both free Xyl and Xyl@SNPs showed a sharp decline in
relative activity at temperatures above 70 °C due to thermal de-
naturation. Amazingly, they still had more than 50% activity at
80 °C. However, the interaction between SNPs and Xyl does not
allow the enzyme molecules to be freer. Although this resulted in
decreased enzymatic activity, Xyl@ SNPs showed high relative ac-
tivity over a wide temperature range of 30-80 °C, suggesting that
their immobilization effectively stabilized the enzyme. The tem-
perature tolerance for free and immobilized Xyl in the literature
was similar to these results in a broad sense.!'**%! For instance,
Amaro-Reyes et al.®! reported that as a result of the immobiliza-
tion of Xyl to the magnetic chitosan carrier support, the temper-
ature at which free and immobilized Xyl had maximum activity
was 70 °C. In another study, Kumar et al.l’”! reported that the op-
timum temperature of free Xyl and immobilized Xyl to nanoflow-
ers remained unchanged at 65 °C.

The E, values of both the free Xyl and Xyl@SNPs were
estimated using the Arrhenius plot (Figure 8A, B). The E,
of Xyl@SNPs (8.43 k] mol™!) was higher than the free Xyl
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Figure 7. The effect of pH A) and temperature B) on the activity of free Xyl
and Xyl@SNPs. SNP, starch nanoparticle; Xyl, xylanase.

(6.32 k] mol™). E, values for enzyme-catalyzed reactions are typ-
ically lower than those for non-enzyme-catalyzed reactions. The
immobilization process, however, may or may not cause the E,
value of an enzymatic reaction to change, and any change is typi-
cally unpredictable.*®! Several studies reported a similar increase
in E, value for various immobilized enzymes.>%>]

As another important kinetic parameter, Q,, (temperature co-
efficient) was calculated using E,. The Q,, values for the free Xyl
and Xyl@SNPs at their optimal temperatures were found to be
1.05 and 1.07, respectively. Generally, the Q,, for enzymes ranges
from 1 to 2.[% The deviation from the Q,, value shows that re-
actions are not temperature dependent (other assay factors par-
ticipate in controlling the reaction rate than temperature). This
result is consistent with that reported by Glekas et al.*’]

3.6. Reusability of Xyl @ SNPs

Another limitation in the industrial application of free enzymes is
reusability as free enzymes cannot be recovered after their use.[®!]
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Figure 8. Arrhenius plots to calculate E, for the free Xyl A) and Xyl@SNPs
B). SNP, starch nanoparticle; Xyl, xylanase.

In the present study, the reusability of Xyl@SNPs was evaluated
by repeated use for seven cycles. As shown in Figure 9, high rel-
ative activity was even observed after seven recycles. Xyl@SNPs
remained at 83.2% and 69.1% of their initial activity, respectively
after three and five reuses. However, recycling performance de-
creased significantly as the number of recycling increased. After
the seventh use, Xyl@SNPs retained 62.8% of its initial activity.
This loss in activity may be related to weakened bonds formed
between the SNPs and the Xyl, which simply causes the enzyme
to leak. Additionally, the loss of a few particles and denaturation
of the Xyl from continued use diminishes residual activity.[%!

3.7. Kinetic Profiling of Free Xyl and Xyl@SNPs

The K, and V, , of free Xyl and Xyl@ SNPs calculated from their
corresponding Lineweaver—Burk plot (Figure 10) are shown in
Table 1. In addition, the kinetic parameters such as the turnover
number (k_,), catalytic efficiency (k. /K,,), and specificity con-
stants (V,,.,/K,,) of the free Xyl and Xyl@ SNPs were presented
inTable 1. K, and V, . of the free Xyl were 13.73 + 2.79 mg mL~!
and 0.54 + 0.06 pmol min~! mL™!, respectively, whereas K, and
Vae Of the Xyl@SNPs were 8.33 + 1.64 mg mL~! and 0.33 +
0.04 ymol min~"' mL™, respectively. The k, of the free Xyl and
Xyl@SNPs was 0.023 + 0.002 and 0.014 + 0.001 s~!, respectively.
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Table 1. Kinetic constants of free Xyl and Xyl@SNPs.

Parameter Enzyme

Free Xy Xyl@SNPs
Ky [mg mL™1] 13.73 £ 2.79* 8.33 + 1.64°
Vinax [Hmol min™! mL™7] 0.54 + 0.06° 0.33 + 0.04°

0.014 + 0.001°
0.0019 + 0.0007?
0.040 + 0.0042

keat [57] 0.023 + 0.002°
keat/Kpm [ML mg“ s“] 0.0017 + 0.00012
Vmax/Krn 0.040 + 0.0032

Different letters, on the same line, indicate statistically significant difference (p <
0.05). SNP, starch nanoparticle; Xyl, xylanase.

After Xyl immobilization, Xyl@SNPs showed decreased kinetic
parameters compared to the free Xyl: 1.64-fold in K, 1.63-fold
in V., and 1.64-fold in k_,. Among them, only the change in
k... value is statistically significant (p < 0.05). K, is a measure
of the affinity of an enzyme to substrate and a low K, value rep-
resents high affinity. A decrease in the K, was seen from the
Xyl@SNPs compared with the free Xyl, indicating the increased
affinity between enzyme and substrate. k,, represents the max-
imum number of reactions catalyzed per minute. On the other
hand, V_, and k_, were decreased because the substrate could
not bind to the active sites of Xyl@SNPs due to increased diffu-
sion limitation.[®3] In contrast, Xyl@SNPs compared to the free
Xyl did not change in catalytic efficiency (k. ,,/K,,), and specificity
constants (V,,,./K,,). Overall, the results of the study clearly show
that the immobilization process increased substrate affinity and
did not result in a significant change in the catalytic activity of the
enzyme. These findings were in line with the majority of studies
on the immobilization of enzymes.[56:6364]

3.8. Preparation and Clarification of Orange Juice

The presence of components such as hemicellulose, starch,
pectin, and cellulosic causes the turbidity of natural juices. There-
fore, the degradation of these components by appropriate en-
zymes positively affected the clarification, quality characteristics,
and time storage of the juices. Hydrolysis of xylan, one of the
most abundant components of fruit cell wall polysaccharides,
is beneficial in the clarification of fruit juices.*! In this inves-
tigation, the potential of the Xyl@SNPs was evaluated in clar-
ification of the juice obtained from orange pulps with 88.77%
yield. As shown in Figure 11, 70.8% of transmittance was ob-
served after 1 h treatment of orange juice with the Xyl@SNPs,
while control exhibited 55.9%. In continuous processing, the re-
sults demonstrated that the Xyl@ SNPs had 76% of transmit-
tance after 2 h treatment. An increase in transmittance (%) in-
dicates degradation of xylan, thus making the juices clear and
palatable.®®] The clarification data in this study appear com-
parable to previous studies. For instance, according to Alagéz
et al.,[**] the clarity of orange juice treated with Xyl/Si-NH, was
increased from 58.9% to 75.4%. In another work, the Xyl-MNPs
illustrated 77.4(+1.3)% of turbidity for orange juices, after 2 h
incubation at 50 °C.["] Similarly, an increase in orange juice
clarity (24%-29%) was noted when using the Xyl immobilized
on glutaraldehyde-activated aluminum oxide pellets, and this
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Figure 11. The effect of Xyl@SNPs on orange juice clarification. SNP, starch nanoparticle; Xyl, xylanase.

was slightly greater when immobilized compared to free Xyl.[°¢]

These results demonstrated that immobilization of Xyl on SNPs
not only improves its stability and reusability but also provides
cost-effective benefits in the juice industries. These advantages
are due to the superior properties of SNPs such as low toxicity,
significant biocompatibility, and good reusability.

4, Conclusion

Recent years further witnessed the application of support tools
to attain more stable and well-recovered biocatalysts. Herein, we
validated a novel, robust, and suitable biocatalyst based on SNPs
for Xyl immobilization. This study selected SNPs as the immo-
bilization support because of their large surface area and high
adsorption capacity. The SNPs and Xyl@ SNPs were successfully
prepared through a simple nanoprecipitation method. The SNPs
and Xyl@SNPs were elucidated by FTIR, XRD, SEM, EDX, and
DLS. The FTIR and EDX analysis confirmed that the immobi-
lization of the Xyl was achieved. The use of SNPs as a support
was promising for Xyl with an immobilization efficiency of 91%.
The effect of pH and temperature on the enzyme activity was ex-
amined. Optimum pH values for free Xyl and Xyl@SNPs were
found to be 6.0 and 8.0, respectively, while optimum temperature
values were 70 and 60 °C, respectively. Besides, the Xyl@SNPs
displayed better tolerance to acidic/alkaline pH values and high
temperatures compared with free Xyl, and excellent operational
stability. The Xyl@SNPs can be reused for up to seven cycles. Af-
ter optimization of different conditions, the K, of the Xyl@SNPs
was 8.33 + 1.64 mg mL™!, which was 1.64 times lower than the
free Xyl form. This affinity was supported by the resulting inter-
actions between the SNPs and the Xyl enzyme. To summarize,
this study not only presents a new carrier material for Xyl immo-
bilization to the literature but also provides a basis and reference
with scientific and promising results. Meanwhile, the proposed
immobilized enzyme is expected to find wide application in juice
clarification. In future work, the authors will investigate the pos-
sibility of using the Xyl@SNPs in some industrial processes. In
conclusion, the prepared SNPs can be used as a suitable new car-
rier for the stabilization of the Xyl enzyme by immobilization and
juice clarification.
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