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Abstract: During the sugar production process, undesirable compounds such as dextrans are pro-
duced and contaminate the flow of the sugar mill, reaching levels in the fluid of more than 10,000 ppm.
Dextranase is an enzyme that has different industrial applications, since it catalyzes the hydrolysis of
the bonds in random sites of the dextran. Therefore, the enzyme was immobilized using synthesized
ferrite magnetic nanoparticles to degrade dextran in the fermented mash, because it is suitable to
reuse and has a large surface area to bind dextranase on a solid carrier for easy magnetic separation.
The synthesized bare and modified nanoparticles were characterized using SEM, EDS, FTIR, and
XRD and confirmed the core-shell silica by increasing the silica composition from 0.2% of bare Fe3O4
NPs to 31.3% of modified Fe3O4 NPs. Ultrasonic treatment reduced the calculated crystal size with
Scherer’s equation from 91.3 to 13.5 nm, providing more particles for immobilization. The solvother-
mal process synthesized ferrite nanoparticles (Fe304) and modified them with TEOS and PEI. The
obtained immobilization efficiency was 28%. Perhaps it was lower; Fe304 degraded almost the same
as the free enzyme. The percentage of dextran degradation with free enzymes and immobilized
enzymes with Fe3O4 magnetic nanoparticles was 61 and 52%, respectively.

Keywords: immobilization; dextranase; MNPs; dextran

1. Introduction

During the sugar production process, dextrans are undesirable compounds produced
by Leuconostoc mesenteroides, which can quickly utilize high percentages of presented sugar
injuices. Under favorable temperature and humidity conditions, dextransucrase hydrolyses
sucrose forms dextrans [1]. Dextrans are extracted in mills and juices. They contaminate
sugar mill flow, producing levels in the fluid exceeding 10,000 ppm (1%) in extreme cases.
In burnt sugar cane, a rapid increase in the level of dextrans of almost ten times was
observed from 12 to 48 h, reaching 3200 ppm [2,3].

Dextran is a neutral and branched naturally occurring polysaccharide composed of a
main linear chain of x-1,6 glycosidic linkages with a few branches of x-glucopyranose at
positions (0-2), (0-3)or (0-4) [4,5]. Dextran is a biodegradable polymer synthesized by lactic
acid bacteria, mainly belonging to the Leuconostoc genera [6,7].

Dextran degradation entails several glycosyl hydrolases with different specificities
and modes of action. These enzymes are called endo- and exodextranases. Dextranase
(1,6-a-D-glucan-6-glucanohydrolase) is an enzyme that catalyzes the hydrolysis of x-(1-6)-
d-glycoside linkages in random sites of dextran [8].

Dextranases have important industrial applications, since these enzymes can depoly-
merize various troublesome microbial dextran deposits [9] and catalyze the degradation
of dextran into low-molecular weight fractions [1,5]. Free enzymes in solution are more
sensitive to environmental changes compared to immobilized enzymes. Immobilization
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techniques have high potential both industrially and scientifically due to their economic
and technological importance [10].

The development of dextranase-immobilization technology is expected to provide a
promising technology for dextran’s reuse. The purpose of immobilization is to immobilize
an enzyme inside or on the surface of an insoluble material such that the enzyme’s cat-
alytic activity is maintained, allowing the easy recovery of the enzyme, rapid termination
of the enzyme assay, and repeated enzyme assay, which will reduce the assay cost. In
addition, after immobilization, the storage stability, pH, and thermal resistance are usually
improved [11,12]. Based on these advantages, immobilized enzymes have been widely
applied in various fields such as the pharmaceutical industry, the food industry, wastew-
ater treatment, and the textile industry [11]. Immobilization strategies generally focus
on continuous operation, increasing stability, and reducing the usage of enzymes. The
feasibility of immobilizing dextranase on different support materials has been verified
via physical adsorption, ion adsorption, encapsulation, and covalent adsorption. How-
ever, it remains a challenge to identify materials that provide the requirements of special
characteristics for higher enzyme immobilization efficiency. Moreover, the robustness and
costs of immobilization are significant factors that affect the applications of immobilization.
Ideally, the carrier material should have a relatively high specific surface area to enable
the immobilization of a large amount of enzyme. Moreover, hydrophilicity with good
infusibility and low substrate solubility could avoid product contamination. From the
immobilization of biocatalysts to the recovery of enzymes, the mechanical resistance and
thermal stability of the scaffolds are important throughout the process [5].

Magnetic nanoparticles (MNPs) are one of the most promising nanomaterials in
various biomedical applications. MNPs are widely synthesized by thermal decomposition
in high-boiling point organic solvents to give hydrophobic particles or, by co-precipitation
in an aqueous media, to give water-dispersible ones. The advantage of the former method
is that it can offer excellent control over the particle size, shape, and uniformity [13,14].
However, the resulting hydrophobic particles must be surface modified to make them water
dispersible before any biomedical applications; for example, another type of lipid-polymer
hybrid nanoparticle has been used to enhance the solubility and bioavailability of poorly
soluble drugs, as well as the permeability of bioactive compounds [15]. On the other
hand, MNPs synthesized by the latter method typically show broader size distributions,
but the resulting MNPs are often water dispersible and compatible with most biomedical
applications. Among the many different types of MNDPs, iron oxide-based nanoparticles,
such as magnetite (Fe304) and maghemite (y-Fe;O3), have attracted significant interest in
broad biomedical and diagnostic areas because of their low-/non-toxicity and excellent
biocompatibility [16,17].

Among several MNPs such as iron oxide-based (Fe304 and y-Fe;O3), pure metal-
based (Fe and Co), spinel-type ferromagnet-based (MgFe;O4, MnFe,0,, and CoFe;Oy),
and alloy-based (CoPt; and Fe-Pt) MNPs, Fe3O4 NPs are the most frequently used for
enzyme immobilization due to their superior advantages of non-toxicity and good bio-
compatibility. Magnetic nanoparticles made of iron, cobalt, or nickel oxides exhibit special
properties, including a high surface-to-volume ratio and high magnetic moment, allowing
potential manipulation by an external magnetic field. Especially manufactured MNPs
with a ferromagnetic material, i.e., iron oxide nanoparticles IONPs) made of magnetite
(Fe304) and maghemite (y-Fe3O4), combine ideal biocompatibility with superparamagnetic
properties [18]. Many synthetic methods have been developed for synthesizing Fe3O4
NPs, including chemical co-precipitation, microemulsion, thermal decomposition, and
solvothermal synthesis [19]. The solvothermal method is useful for the synthesis of ferrite
materials with improved physical and chemical properties applicable to both industrial and
biomedical areas. In the solvothermal synthesis method, aqueous or nonaqueous solvents
can be used to synthesize ferrite materials with precise control over the size distribution,
shape, and crystalline phases. The physical characteristics can be altered by changing
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certain experimental parameters, such as the reaction temperature, reaction time, solvent,
surfactant, and precursors [20].

Fe3O4 NPs tend to aggregate because of their high surface energy caused by the large
specific surface area. Moreover, Fe30, NPs possess high chemical activity and are easily
oxidized in air, resulting in loss of magnetism and dispersibility. These factors could make
the magnetic separation less effective. Hence, the naked Fe3O4 NPs cannot be used di-
rectly for enzyme immobilization. The surface modification is favorable for preventing
the aggregation and oxidation of Fe304 NPs used as support matrices for enzyme immo-
bilization [12,13,16,21]. Fe30O4 NPs have limitations, such as rapid agglomeration, wide
surface area, high chemical reactivity, and high surface energy, resulting in magnetism
loss. Therefore, appropriate surface modification of Fe304 NPs is required to avoid the
abovementioned problems. The coating is the most common surface modification method
to conjugate organic or inorganic materials onto the surface of iron oxide nanoparticles.
This approach avoids oxidation and agglomeration and provides the possibility of further
functionalization. The functionalization of magnetic NPs boosts their physicochemical
properties, making them ideal candidates for catalysis [22].

Silica coating is a typical method for modifying Fe3O4 NPs, in which silica shells
form on the surfaces of magnetic cores. The silica shells protect the magnetic cores from
aggregation and oxidization, thus improving chemical stability. Moreover, silica shells can
also improve hydrophilicity and biocompatibility. After modification, substantial silanol
groups are introduced on the surfaces of magnetic cores, which will provide the underlying
basis for further improvement with functional reagents for enzyme immobilization. There
are two modes for modifying MNPs with organic polymers, the in situ modification
mode and the ex situ modification mode. The steric repulsion generated from polymer
coatings will weaken the magnetic forces and van der Waals forces of Fe304 NPs, thus
preventing their aggregation and improving their dispersibility and stability. Owing
to excellent biocompatibility and biodegradability to amino polymers such as chitosan,
polyethyleneimine (PEI), and polydopamine, they are usually used to modify FezO4 NPs
for enzyme immobilization [12,13].

On the other hand, when enzyme proteins are directly immobilized on the surface
of magnetic particles, the loading capacities are limited because of the existence of steric
hindrance between the carrier surface and the immobilized enzyme protein. Among the
spacer-arm molecules, high-molecular weight biopolymers, such as polyethlyenimine
(PEI), display distinct advantages. The long and flexible chains of PEI polymer decrease
steric hindrance and provide abundant function amino groups for immobilizing enzyme
proteins and preventing particle agglomeration [23]. Due to the above, it is important to
highlight the importance of polymer modification or hybridization to improve performance
in different processes; for example, graphene and carbon nanotubes’ nanoparticles were
used as a radical-scavenging filler for capture and quench free radicals in a UV-protective
waterborne polymer coating [24].

In addition, several reactors have been used to immobilize enzymes such as OTC-
IMER, MC-IMER, and capillary columns [12,25]. On the other hand, rotary disk reactors
have been used for degradation because of their easy handling and low-cost energy con-
sumption [26].

This research aims to immobilize dextranase with Fe;O4 MNPs as a scaffold for
dextran degradation contained in the fermented mash; these immobilized enzymes would
allow easy and rapid recovery. On the other hand, the solvothermal process would help to
control crystal size and shape. After that, they are modified with the silica shell to avoid
agglomeration and oxidation to improve enzyme recovery and the degradation process
compared with the free enzyme.
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2. Materials and Methods
2.1. Chemical Materials and Reagents

Dextran T100 (100KDa), branched polyethyleneimine (25,000 average molecular
weight), tetraethyl orthosilicate (TEOS, 99%), (3-aminopropyl) triethoxysilane (APTS 99%),
glutaraldehyde (50%), bovine seroalbumin (BSA, 98%), sodium borohydride (NaBH,),
ethylene glycol anhydrous (99.8%), polyethylene glycol (200 average molecular weight),
and 3,5-dinitrosalicylic acid (98%) were purchased from the Sigma-Aldrich brand. Ammo-
nia solution (NH3H,O, 28% w/v), cupric sulfate pentahydrate (ACS), anhydrous sodium
carbonate (ACS), sodium potassium tartrate, 4-hydrated (ACS), Sodium sulfate anhydrous
(ACS), sodium citrate dihydrate (ACS), phenol (ACS), glacial acetic acid, and diatomaceous
earth were obtained from J.T BAKER. Sodium hydroxide (ACS), sodium acetate (ACS), diba-
sic sodium phosphate heptahydrate (ACS), monobasic sodium phosphate (ACS), sodium
sulfite (ACS), sulfuric acid 98-99% (ACS), potassium dichromate (ACS), mercuric sulfate
(ACS), silver sulfate (ACS), and potassium biphthalate (ACS) were obtained from Fermont.
Phenol Folin—Ciocalteu reagent was obtained from HYCEL, absolute ethyl alcohol was
obtained from Karol, and isopropyl alcohol (ACS) was obtained from Mallinckrodt.

2.2. Sugarcane Mash Obtainment

Sugarcane mash was obtained from a local bioethanol-producing company in Orizaba,
Veracruz, Mexico, which receives molasses from different regional sugar mills.

2.3. Characterization of Fermented Sugarcane Mash

The pH was determined with a Hanna Instruments Model HI2211 potentiometer. The
density was calculated by pycnometer, the moisture content was calculated by gravimetry,
the sucrose content (°Brix) was determined with a refractometer, and the reducing sugars
were determined with the Miller Technique (3,5-dinitrosalicylic acid method) using a
1 mg/mL maltose solution as a standard. Total carbohydrates were determined by the
Antrona-Sulfuric technique, the amount of protein was quantified by the Lowry technique,
and the dextran concentration was determined by AOAC988 (Robert’s copper method)
using standard dextran from Leuconostoc Spp. Mr100000 at 20 g/L. Total and volatile
suspended solids were determined with SM 2540D and 2540E, respectively, as well as total
and soluble chemical oxygen demand with SM 5220D. All experiments were performed in
triplicate. Rheological characterization and calculation of the viscosity of the fermented
mast was carried out on an Anton Paar Model MCR301 rheometer and Rheoplus/32 V2.81
software for data capture and analysis. A cylinder Peltier (C-PTD200-SN80123149) and
stirrer geometry (ST22-4V-40-SN10120) were used for fermented sugar cane mash over a
wide shear rate range of 0 to 1000 1/s at 25 °C.

2.4. Obtaining the Enzyme

Commercial endodextranase Plurizyme DEX 96 from a fungal strain Chaetomium spp.
was purchased from the company PLURICHEM in Cérdoba, Veracruz, México.

2.5. Characterization of the Enzyme
2.5.1. Rheological Characterization of Commercial Enzyme

Rheological characterization was performed on an Anton Paar Model MCR301 rheome-
ter and Rheoplus/32 V2.81 software for data capture and analysis. A cylinder Peltier
(C-PTD200-SN80123149) and stirrer geometry (ST22-4V-40-SN10120) were used over a
wide shear rate range of 0 to 1000 1/s at 25 °C.

2.5.2. Determination of Dextranase Activity

The enzymatic activity of the free enzyme was determined using dextran (Mr100000).
An amount of 0.4 mL of the free enzyme was suspended in 1.6 mL of acetate buffer solution
(0.1 M, pH 5.5) containing dextran (20 g/L) and then heated at 55 °C for 15 min. The
determination of reducing sugars was carried out by Miller’s technique (3,5-dinitrosalicylic



Processes 2023, 11, 70

50f17

acid method) using a VELAB Model: VE-5100UV UV-VIS spectrophotometer at 540 nm.
One unit (U) of dextranase activity was defined as the enzyme needed to catalyze the
liberation of 1 pmol of maltose per minute from dextran (Mr100000).

2.5.3. Determination of pH Stability Determination

The pH stability was determined by mixing 2 mL of the free enzyme with 10 mL
of 0.1 M acetate buffer solution containing dextran (20 g/L) ranging in pH from 3.5 to
5.5 and 0.1 M phosphate buffer solution from pH 6 to 6.5, then heating at 55 °C for
15 min. The determination of reducing sugars was carried out by Miller’s technique (3,5-
dinitrosalicylic acid method) in each buffer solution using a VELAB model: VE-5100UV
UV-VIS spectrophotometer at 540 nm. One unit (U) of dextranase activity was defined
as the enzyme needed to catalyze the liberation of 1 umol of maltose per minute from
dextran (Mr100000).

2.5.4. Determination of pH Stability Determination

The temperature stability was determined by adding 2 mL of the free enzyme with
10 mL of 0.1 M acetate buffer solution at pH 5.5 containing dextran (20 g/L). Then, this
procedure was engaged from 30 to 70 °C, at the end of which the enzyme activity was
calculated. One unit (U) of dextranase activity was defined as the enzyme needed to
catalyze the liberation of 1 umol of maltose per minute from dextran (Mr100000).

2.6. Synthesis of Magnetite Nanoparticles (Fe-NPs) and Modification with TEOS and PEI
(Fe30,4@S5i0;-PEI)

Synthesis of the magnetite nanoparticles was carried out with the solvothermal pro-
cess [23,27] with several technical modifications. Iron chloride III hexahydrate was used
(FeCl3-6H;0) as a precursor and source of iron, ethylene glycol 99.8% (HOCH,CH,OH)
as a solvent, polyethylene glycol Mw:200 (H(OCH,CH,),OH) as a surfactant, along with
anhydrous sodium carbonate (NapCO3). The mixture was placed in a Teflon-lined stainless-
steel autoclave reactor (100 mL capacity) to be stirred at 238 rpm for 30 min. The autoclave
was heated in a muffle at 195 °C (£5) for eight hours, then allowed to cool to room temper-
ature for approximately 15 h. Magnetic separation and decantation were carried out using
a micropipette to separate the supernatant and thus ensure that the products were not
sucked out. Five washes were made with 5 mL of ethanol and distilled water, separating
with a magnet in each wash. The product was dried at 60 °C for 6 h in an oven. One gram
of nanoparticles was weighed and dispersed in a solution of 200 mL of distilled water,
800 mL of ethanol, and 6 mL of 28% ammonium solution (NH3z H>O), which were taken to
ultrasound treatment in a Cole-Parmer 500-Watt processor for 30 min at 40% amplitude to
break down the particle agglomerates and improve the functionalization surface. Subse-
quently, 6 mL of tetraethylortosilicate was added (TEOS) to 30 °C for 12 h with constant
agitation of 238 rpm. After the reaction time, the supernatant was separated; three washes
of 50 mL of water, ethanol, and isopropanol were carried out with magnetic separation
in each wash. The washed particles were suspended in 400 mL of isopropanol with the
addition of 2 mL of aminopropyltrietoxisilane (APTS) in constant agitation (525 rpm) at
30 °C for 24 h for subsequent immobilization.

2.7. Characterization of Bare Fe-NPs and Modified Fe-NPs

Surface morphology was observed by high-resolution SEM (XL30-SFEG Philips/FEI
brand) and inspected at an accelerating voltage of 20 kVan X-Max energy dispersive
spectroscopy (EDS). An X-ray detector was used to obtain the elemental analysis, and the
results were analyzed in Image] software to determine the morphology and the approximate
diameter of the nanoparticles. Compositional characterization was analyzed by a Fourier-
transform infrared spectrometer (FTIR) equipped with Agilent Cary 660 attenuated total
reflectance (ATR) in the range of 4000 to 400 cm~!. The structural analyses were carried
out with XRD using a Siemens D5000 diffractometer with Siemens Diffract-AT software,
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version 1 (Cu Ko radiation A = 0.15406 nm) in the Bragg-Brentano configuration. The
diffractograms were analyzed in Match! 3.3 for crystal size determination and comparison
with the standard.

The Scherrer formula was used to determine the crystal size (D) using Equation (1):

Bkt
pr— 1
4tan© ™

where: D (nm)= crystal size, K(-)= form factor 0.9, A (nm) = wavelength of X-ray radiation
Cu ka (A = 0.15418 nm), = maximum intensity of half of the full width (FWHM), and
0 = Bragg’s angle.

For dislocation density, Equation (2) was used for (5), which is directly related to strain
and crystal size. Equation (3) was used to evaluate the material stress (¢) [28]:

(8) = é )
B
(D) = 4 tan 0 ©)

where: 3 = maximum intensity of half of the full width (FWHM), and 6 = Bragg’s angle.

2.8. Immobilization of Modified Fe304 NPs (Fe304@5i0,-PEI-Dextranase)

Hereafter, magnetic separation of NPs was achieved with a magnet; three washes
of 15 mL pour of distilled water were performed in a washed house and magnetically
separated. Finally, the NPs were taken to an oven at 60° for 6 h. Subsequently, 40 mg of
NPs were added from the dried product to a 100 mL phosphate buffer (0.1 M, pH 6.0)
containing 5% (w/v) glutaraldehyde, which was brought to constant agitation at 350 rpm
and 30 °C for 4 h. They were magnetically separated and washed three times with 10 mL
of phosphate buffer (0.1 M, pH 6.0) to remove excess residual glutaraldehyde. The washed
product was dispersed in 8 mL phosphate buffer (0. 1 M, pH 6.0) containing 3.6118 mL of
the enzyme (3.4748 mg protein/mL) and 0.0023 g of NaBH4 (0.2 mg/mL) for subsequent
agitation at 350 rpm and 30 °C for 4 h. At the end of the time, the supernatant was collected
to determine the amount of residual protein and calculate the immobilization efficiency
percentage. Four 1 mL washes were performed with phosphate buffer (0.1 M, pH 6.0)
to remove non-covalently bound proteins; the wash solution was collected for protein
quantification. Immobilized enzymes were suspended in acetate buffer (0.1 M, pH 5.5) and
stored at 4 °C for later use [23].

Calculation of the immobilization efficiency was performed according to Equation (4):

Immobilization ef ficiency [%] = 100 — [( Nonbound protein ) X 100}

Inital protein content

(4)

The enzyme-carrying capacity in the nanoparticles was determined as described in
Equation (5):

©)

Loading capacity = Bound protein
& COPACTY = \ NPs initial weight

2.9. Enzymatic Degradation of Dextran in Fermented Mash

In order to degrade the dextran contained in sugarcane fermented mash, enzymatic
hydrolysis was carried out using the free and immobilized enzyme (Fe;0,@SiO,-PEI-
Dextranase) to make a comparison of performance degradation percentage; experiments
were performed in triplicate. Fermented mash was used as a substrate; in a 250 mL flask,
100 mL of the substrate was added; for degradation experiments with the free enzyme,
1 mL of the enzyme was added to the flask and then put in a constant agitation of 250 rpm
and heated to 55 °C for 1 and 2 h. For the degradation experiments of the immobilized
enzyme, 1 mL of immobilized enzyme was used with the same conditions as before.
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3. Results and Discussion
3.1. Physicochemical and Rheological Characterization of Fermented Sugarcane Mash

Physicochemical and rheological characterization of the fermented sugarcane mash
was made according to point 2.5, shown in the methodology section. The characterization
of the fermented mash in Table 1 was carried out; the fermented mash conforms to the
Hershel-Bulkley model, presenting a dilating behavior demonstrated with the value of n:
1.8854 in Table 1. Fermented mash behaved as a dilatant fluid, showing a flow behavior
greater than one (n > 1) Figure 1. This obtained behavior was the same as that from other
authors who studied the same substrate [29]. Solid concentration decreased due to the
alcohol production from sucrose [3].

Table 1. Herschel-Bulkley experimental model parameters for fermented mash at 25 °C.

Model Experimental Model R?
Herschel-Bulkley o = 0.0975 + 8.381 x 103 7884 0.9974
T T T T T T T T T T T 0.045
_ —=— Shear stress -~ B
. S poos
Pl
7 - 0.035
u““ <
D“_S 30 AA“AAA ;* - 0.030 /(7)\
~ AAAA ***" D“_’
2 o L 0.025 =
) & < >
% 20 s G
® o A -0.020 o
@ o - 8
[} v o~ 2
5 " L 0.015 >
s &
10 - AAAAA ****
e - - 0.010
- T
L5 - 0.005
0 o
T T T T T T T T T T T 0.000
0 200 400 600 800 1000

Shear rate (1/S)

Figure 1. Rheological behavior of fermented mash at 25 °C.

In the characterization of the fermented mash in Table 2, each determination was per-
formed in triplicate, showing a high concentration of dextrans and carbohydrates [30]. The
mash had 75% fermentable sugars according to the ratio of reducing sugars/carbohydrates;
even though it had 13° Brix, a rapid sucrose determination, this residue is suitable for an en-
zymatic treatment because of the determination of reducing sugars and total carbohydrates.
Furthermore, the pH value of 5.21 is adequate for enzymatic degradation, and the dextran
content of 1899.2 ppm is almost six times higher than other authors have found [3]. The pro-
tein concentration was determined because of the remaining yeast used for the bioethanol
obtention process. According to TSS, TVS, TCOD, and SCOD, sugarcane-fermented mash
has a high residual concentration of organic matter.

3.2. Characterization of the Enzyme

The free enzyme was rheologically characterized in Table 3, which conformed to the
Hershel-Bulkley model and presented a dilating behavior (Figure 2) demonstrated by the
value of n: 1.9181.
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Table 2. Physicochemical characterization of fermented mash.
Determination Value Technique
pH 521+0.11 Potentiometry
Density (g/mL) 1.02 £ 0.03 Pycnometry
Viscosity (Pa s) 0.02 4 0.004 Rheometry
Moisture (%) 91.50 £ 1.8 Gravimetry
Brix (°) 13 +£0.2 Refractometry
Reducing sugars (g/L) 2223 +1.12 Miller DNS
Carbohydrates (g/L) 29.58 £+ 2.46 Anthrone method
AOAC official method
Dextran (ppm) 1899.20 =17.10 Dextran in raw cane sugar;
Robert’s copper method
Protein (mg/L) 0.40 4= 0.08 Lowry’s method
Total suspended solids (TSS) (g/L) 16.40 + 1.75 2540 D Standard methods
Total volatile solids (TVS) (g/L) 15.20 + 2.54 2540 E Standard methods
Total chemical oxygen demand
(TCOD) (g/L) 184.67 £ 12.43 5220 D Standard methods
Soluble chemical oxygen demand 182.50 + 8.85 5220 D Standard methods

(SCOD) (g/L)

Table 3. Herschel-Bulkley experimental model parameters for the enzyme at 25 °C.

Shear rate (1/S)

Figure 2. Rheological behavior of free dextranase at 25 °C.

Model Experimental Model R?
Herschel-Bulkley o =0.0978 + 6.570 x 1075 7181 0.9947
50 T T T T T T T
+ Shear Stress s
4 Viscosity AA»" - 0.04
40 - o0
o 0.03
~ MA o [0]
2 907 - o
8 s - -
= W - 0.02 %‘
@ o ]
T 20 - st 3
g M‘AA““A ****" =
» e o - 0.01
and’ ***
at o
10 o
N **‘,”*
R "
L L 0.00
e
O TM T T T T T
0 200 400 600 800 1000

Commercial dextranase comes from the fungal strain Chaetomium Spp. The calculated
protein concentration was 0.9620 mg/mL, the enzymatic activity was 0.55 U/mL, and the
higher enzymatic specific activity was 0.75 U/mg enzyme at 55 °C and 5.5 pH. Similar
pH conditions were obtained by [31], the authors of which purified and isolated 12 strains
of enzymes and obtained a maximum activity of 120 U/mL against 0.55 U/mL shown in
Figure 3; we could say that this difference could be because of the origin of the enzyme
and also the different methodology to calculate enzyme activity. Further, we could see
differences in these parameters according to the immobilization method and dextranase
strain used [32].
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Figure 3. Enzymatic activity of free dextranase (a) at different temperatures and (b) at different pH.

3.3. Characterization of Magnetite Nanoparticles(CSEM, EDS, XRD y FTIR)
3.3.1. Characterization of Bare Fe;04 NPs

Figure 4 shows the SEM micrographs of synthesized nanoparticles. The synthesized
MNps obtained via the solvothermal process had an undetermined shape, possibly because
Fe;04 NPs tend to agglomerate [33].

§ >3

x200 100pm = SEI  15kV x500

Figure 4. SEM micrographics of bare ferrite magnetic NPs: (a) 200 times, (b) 500 times.

EDS analysis of bare Fe304 shown in Figure 5 demonstrates the chemical composition
and the percentage of some elements, such as 35.1% oxygen (O), 35.1% sodium (Na), 19.4%
carbon (C), and 19.1% iron (Fe), in the body of the synthesized composite [22]. Further,
some trace elements were identified, such as 1.4% chlorine (Cl), 0.5% copper (Cu), and 0.2%
silica (5i).
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(a)

Figure 5. EDS image of bare Fe30,4 NPs: (a) EDS colorization layer of identified elements in SEM
micrograph of bare Fe304 NPs, (b) EDS spectrum of bare Fe304 NPs containing O, Na, C, Fe, Cl, Cu,
and Si.

X-ray diffractograms of bare Fe30O4 NPs are shown in Figure 6. The characteristic
peaks at 20 = 45.41°, 66.21°, and 83.94° were assigned to reflections at (1 0 0), (2 0 0), and
(21 1) indices based on the plane of the cubic spinel structure of Fe304-MNPs; the obtained
peaks correspond to the database (COD-Inorg REV140301) and are similar to those reported
by [34,35]. With Match, these reflection points (Miller indices) were obtained, and the
composition of iron present in the nanoparticle sample was identified [35].
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Figure 6. XRD patterns of bare Fe;O4 NPs.

In addition, FWHM values were obtained with Match! 3.3. Furthermore, with the
Scherrer equation, the obtained average crystal size of the Fe304-NPs was 91.36 4= 9.91 nm,
as shown in Table 4, which is ten times greater than the results in [34,35], which can be
attributed to the solvothermal process that could synthesize nanoparticles from 200 nm
and greater depending on treatment time.
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Table 4. Calculated crystallographic parameters of bare Fe;O, NPs with data obtained from XRD
analysis using the Scherrer equation.

. . Crystal
20 0 FWHM ~ Fwham ~ Costal  Disloaation g AVerage  gize De-
(hkD) . . Size Density Crystal Size .
(Degree) (Radian) (Degree)  (3(Radian) € viation
D (nm) 5 D (nm)

D (nm)

45.41 (100) 0.3963 0.105 0.0018 82.0158 0.000149 0.00109 91.3666 9.9147
66.21 (200) 0.5778 0.105 0.0018 90.3217 0.000123 0.00070
83.94 (211) 0.7325 0.105 0.0018 101.7625 0.000097 0.00051

The infrared pattern of bare Fe3Oy is shown in Figure 7. The peak at 573 cm ™! cor-
responds to the tetrahedral and octahedral positions of iron; in other works in which
nanoparticles of Fe;O4 were sintered, similar wavelengths 611, 548, 576, and 567 cm~ ! were
obtained, respectively [36-39]. On the other hand, the peak obtained at 1633 cm ™! corre-
sponds to the bending vibrations of the water absorbed on the surface of iron oxide [36,38]
obtained at a characteristic peak of 1620 cm~!, which is close to the first peak obtained;
the variation can be attributed to the fact that these are different processes of obtaining
nanoparticles. Finally, the peak at 2356 cm ! is close to that obtained by [38] at 2354 cm ™!,
which was probably formed by the C-H stretching vibrations of impurities that did not
react. The presence of this compound in the product obtained from the synthesis can
be corroborated.
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Figure 7. FTIR patterns of bare Fe304 NPs.

3.3.2. Characterization of Modified Fe;0O4 NPs

The morphology of modified Fe;O0, NPs with TEOS was analyzed to corroborate the
morphology as shown in Figure 8; the expected form according to the methodology is
spherical, and their estimated size with Image]J software in Figure 8a,b is observed with
an average of 970 nm $120. In another work, the authors obtained a size of the modified
particles of 230 nm [23].
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Figure 8. SEM micrographics of modified SEM Fe3O4 NPs: (a) 5000 times, (b) 5000 times.

EDS analysis coupled with SEM in Figure 9 was performed to demonstrate the chemi-
cal composition of modified nanoparticles and make a quantitative estimate composition
of the sample. The silica composition increased from 0.2% in bare Fe3O4 NPs to 31.3% in
modified Fe30,4, and the Fe concentration decreased from 19.1% to 8.9%. This shows a wide
silica shell formation on the surface of the Fe304 NPs [22], confirming that the modification
process was accomplished.

B Map Sum Spectrum
Wi% o

Figure 9. EDS image of modified Fe304 NPs: (a) EDS colorization layer of identified elements in a
SEM micrograph of modified Fe304 NPs, (b) EDS spectrum of modified Fe3O4 NPs containing O, Si,
Fe, C, Na.

The X-ray diffraction patterns of modified Fe;O, are shown in Figure 10. The char-
acteristic peaks at 20 = 18.43°, 30.19°, 35.55°, 43.22°, 57.16°, and 62.78° were assigned to
reflections (111),(202),(311),(400),(511),and (4 0 4), respectively, which are similar to
those reported by [34,35]. Further, these reflections indicate the plane of the cubic spinel
structure of the Fe3O4 NPs [33]. It is worth mentioning that the modified nanoparticles
have the same characteristic peaks of Fe3O4. This means that the crystal structure is not
modified during the synthesis process, but the peak at 20 = 18.43° that corresponds to
(111) can be attributed to the existence of amorphous 5iO; [35].
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Figure 10. XRD patterns of modified Fe30O4 NPs.

With Match, the FWHM values were obtained in conjunction with the Scherrer equa-
tion. Crystal size was calculated in Table 5, where an average of 13.5 nm was obtained,
which was greater than that of other authors [35] who obtained sizes of 7.6 nm, and it
was inferior to the results in [33]. The authors calculated the crystal with the Scherrer
equation and obtained sizes ranging from 80 to 108 nm, indicating that they used ultrasonic
treatment and co-precipitation methods to synthesize Fe30,@SiO,. This smaller size of
modified nanoparticle crystals can be attributed to the fact that the crystals were treated by
ultrasound, which reduces particle size, increasing the surface area to which the enzyme
adheres by covalent bonds [40].

Table 5. Calculated crystallographic parameters of modified Fe304 NPs with data obtained from
XRD analysis using the Scherrer equation.

. . Crystal
20 0 FWHM FWHM Cr}_fstal Dlsloc_atlon Stress Averag(_e Size De-
(Degree) (HkD (Radian) (Degree) B Size Density € Crystal Size viation
(Radian) D (nm) ) D(nm)

D (nm)

18.43 (111) 0.1608 1.6281 0.0284 4.9433 0.0409 0.0438 13.5007 4.5466
30.19 (202) 0.2635 0.6828 0.0119 12.0507 0.0069 0.0110
35.55 311) 0.3102 0.5252 0.0092 15.8845 0.0040 0.0071
43.22 (400) 0.3772 0.5777 0.0101 14.7912 0.0046 0.0064
57.16 511 0.4988 0.5252 0.0092 17.2251 0.0034 0.0042
62.78 (404) 0.5479 0.5777 0.0101 16.1093 0.0039 0.0041

The difference between particle size measurement obtained in XDR and SEM analyses
is due to distinct experimental conditions and measurement variations between each
analysis. The agglomeration of nanoparticles, which can be observed in the micrographs
obtained from SEM micrographs, does not allow for having an accurate measurement
of the free and modified nanoparticles; however, the determination of both analyses is
very valuable for knowing the structural and morphological properties and to verify the
nanometric scale [28,41,42].

In Figure 11, the 451 cm ™! corresponds to that of the modified nanoparticles; this peak
has a slight variation due to the modification process, so its location varies slightly and
is characteristic of the tetrahedral and octahedral positions of iron [43,44]. The peak at
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1062 cm ™! corresponds to the band of the silicon composition, which can be assigned to
the stretching modes of the siloxane structure =Si-O-Si= [43,44]. The peak at 1560 cm ™!
(C-N vibrations) reflects that the APTMS is a similar compound to that in this work and
only changes its orientation with the functional groups [39].
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Figure 11. FTIR patterns of modified Fe3O4 NDPs.

3.4. Immobilization of Modified Fe304 NPs (Fe304@SiO,-PEI-Dextranase)

We observed an immobilization efficiency of 28.08%. Compared to other authors,
this is lower. The authors of [23] reported a 72.38% immobilization efficiency, and other
authors have reported an immobilization efficiency of 15.6% (w/w) of dextranase using
the Epoxy CIM® Disk [25]. This result can be attributed to using a commercial enzyme;
producing and purifying a pure enzyme is more advantageous than a commercial one. It
was probably due to conformational and steric effects during the immobilization [25]. The
fact that at one of the washing stages, a previous remnant reagent may have remained and
again performed the process of obtaining nanoparticles could rule out these biases, and the
use of a higher power magnet could improve the separation of the products.

As observed, the 24.375 mg/g is lower than 217.2 mg/g [23]. This can be attributed
to the washing stage; some remnant reagents could have been left in previous stages, so
that the complete activation of the functional groups around the enzyme was not carried
out, which caused a decrease in sites where it could bind covalently to the PEI and thereby
reduce the binding capacity of dextranase to nanoparticles.

3.5. Enzymatic Degradation of Dextran in Fermented Mash

Degradation kinetics were carried out in triplicate to observe the degradation behavior
of free and immobilized enzymes; an initial concentration of 1935.90 ppm of dextran was
observed. In Table 6, the removal presented in each experiment is observed.

Table 6. Residual dextran, residual DNS, and residual carbohydrate concentration after enzymatic
degradation treatment with free enzyme and immobilized dextranase with Fe3O4 NPs.

Experiment  Enzyme Temperature (°C)  Time (h) DNS(g/L) Carbohydrates (g/L) Dextran (ppm) Removal %
1 Free 55 1 11.91 £ 0.11 14.89 £+ 0.17 1647.60 + 15.28 14.89
2 Free 55 2 9.38 £ 0.06 14.25 £ 0.09 75225 £ 18.47 61.14
3 Nano 55 1 11.54 £ 0.18 14.43 +0.13 1329.30 £ 26.85 31.33
4 Nano 55 2 11.03 £ 0.09 15.59 £ 0.06 929.55 £+ 20.74 51.98
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Better removals have been obtained in less time [3] than the 60% removal at 35 °C for
4 h. It should be noted that the enzyme immobilization efficiency in the nanoparticles was
28%. Unless the immobilized enzyme obtained a slightly lower dextran removal than the
free enzyme, it could be reused and easily separated using a magnet. On the other hand,
PEI modification could have helped obtain a similar degradation performance, because it
provides abundant amino groups to which dextranase would bind.

4. Conclusions

Sugarcane fermented mash contains sufficient fermentable sugars to be hydrolyzed by
enzymatic degradation. Dextranase used for immobilization shows a wide range of thermal
capabilities and stability at different pH levels that assure resistance in the harsh conditions
of real industrial processes. The solvothermal process is elongated; however, it controls
crystal size and shape. The obtained Fe3O4-modified NPs were spheres with an average size
of 970 nm. SEM, EDS, FTIR, and XRD analysis showed Fe3O4 synthesis and the addition
of a silica core shell in NPs. The calculated results with the Scherrer equation showed
that ultrasonic treatment reduced average crystal size 6.6 times, providing a larger surface
contact and more active sites to immobilize the enzyme. Even though Fe;0,@SiO,-PEI-
dextranase NPs had a 28% immobilization efficiency, they achieved a dextran degradation
of 52%, close to the degradation percentage of the free enzyme (61%) for 2 h of hydrolysis
of dextran. This could be considered a consequence of carrier modification with PEI
that provides abundant functional amino groups to which enzyme proteins can bind and
prevent particle agglomeration. The obtained immobilized enzyme (Fe;O4@SiO,-PEI-
dextranase) is a good option to degrade dextran in fermented mash. The immobilized
enzyme can be easily recovered and recycled because of its magnetic properties. Therefore,
dextranase-immobilized magnetic particles are expected to have potential applications in
industrial fields.
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