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Abstract

Enzyme immobilization offers a promising strategy to enhance biocatalyst stability, reusability, and
operational performance in industrial bioprocesses. In this study, hydrated silica (HS) was surface-
engineered via four distinct chemistries—amination (AHS), carboxylation (CHS), polydopamine coating
(DHS), and epoxidation (EHS)—to develop robust carriers for Flavourzyme immobilization. The modified
supports were characterized by diffuse reflectance Fourier-transform infrared spectroscopy (DR-FTIR)
and X-ray photoelectron spectroscopy (XPS), confirming successful functionalization. Immobilization
conditions were optimized for each system through single-factor experiments. Among the carriers, DHS
achieved the best overall performance with 42.02% immobilization rate and 73.69% enzyme activity
recovery. Compared to free Flavourzyme, immobilized systems demonstrated enhanced pH and thermal
stability, broader operational ranges, and superior reusability. DHS-F retained over 50% activity after 20
cycles and exhibited excellent storage stability. Principal component analysis (PCA) identified storage
stability and reusability as the key discriminators among immobilized systems. These findings
demonstrate that surface-engineered HS, especially DHS, provides a scalable and recyclable platform for
stable Flavourzyme immobilization, with potential for continuous operation in food protein hydrolysis
processes, supporting sustainable and resource-efficient biocatalytic processes.

1. Introduction

Enzymes are exceptional biocatalysts capable of significantly reducing the energy demand of
biochemical reactions while enhancing conversion efficiency (Guisan et al. 2022). In industrial
biotechnology, enzymes have been increasingly integrated across tdiverse production chains—from raw
material processing to product quality improvement (Haghighat-Kharazi et al. 2020; Mao et al. 2024). For
instance, amylase facilitates starch hydrolysis during biofuel and biochemical production (Chen et al.
2021), pectinase is widely used to clarify plant extracts (Patel et al. 2022), and B-galactosidase
effectively hydrolyzes lactose into galactose and glucose for dairy application (Nowak et al. 2021).
Despite their widespread application, the industrial use of free enzymes faces several challenges. High
production costs, poor operational stability under processing conditions (e.g., elevated temperature or
extreme pH), and difficulties in recovery and reuse hinder their large-scale adoption (Yang et al. 2023).
These limitations underscore the need for robust enzyme delivery systems that can maintain catalytic
activity while enhancing stability and recyclability (Bhatia et al. 2023).

Enzyme immobilization has emerged as a key strategy to address these challenges (Tadesse and Liu
2025). By anchoring enzymes onto solid supports or confining them within matrices, immobilization can
significantly improve enzyme stability, facilitate separation, and enable repeated use—thereby enhancing
the economic and environmental sustainability of biocatalytic processes (Maghraby et al. 2023). Among
various immobilization techniques, covalent binding is particularly attractive due to its strong enzyme-
carrier interactions, which minimize enzyme leaching and improve operational durability (Mohamad et al.
2015; Wiltschi et al. 2020). The performance of immobilized enzymes is heavily influenced by the
physicochemical properties of the support material. Hydrated silica (HS) has gained attention as an
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enzyme carrier due to its high surface area, excellent mechanical stability, and ease of surface
functionalization (Zdarta et al. 2018). However, pristine silica surfaces often lack sufficient reactive
groups for efficient enzyme binding (Ashkan et al. 2021). To overcome this, surface modification is
essential to introduce functional groups (e.g., amino, carboxyl, epoxy, or catechol) that can facilitate
strong and selective enzyme attachment.

Flavourzyme, a commercial protease complex produced by Aspergillus oryzae, is widely used in industrial
biotechnology for protein hydrolysis and biocatalytic applications. It plays a key role in improving the
solubility and digestibility of protein-based substrates (Yang et al. 2020). Beyond generic proteolysis,
Flavourzyme has been successfully employed in several industrial segments, including cheese ripening
acceleration (Gao et al. 2022), plant protein modification (Shuai et al. 2022; Grossmann et al. 2021; Li et
al. 2025), and meat tenderization (Zhang et al. 2017; Feng et al. 2014). Despite these benéefits, free
Flavourzyme is supplied as a liquid concentrate that is fully discharged after each batch; it cannot be
economically recovered by centrifugation or membrane separation. This single-use pattern results in
high enzyme costs and a significant effluent chemical oxygen demand (COD) load, making multi-cycle
operation economically and environmentally unattractive (Zhao et al. 2025; Katic et al. 2021).

In this study, we systematically investigated the surface modification of hydrated silica using four
distinct chemical strategies—amination, carboxylation, polydopamine coating, and epoxidation—to
develop tailored carriers for Flavourzyme immobilization. The modified supports were thoroughly
characterized by DR-FTIR and XPS, and the immobilization process was optimized for each system via
single-factor experiments. The resulting biocatalysts were evaluated in terms of immobilization
efficiency, catalytic performance, pH and thermal stability, storage stability, and reusability. Furthermore,
principal component analysis (PCA) was employed to comprehensively assess and compare the
performance of different immobilized systems. This work aims to establish a robust, efficient, and
reusable Flavourzyme immobilization platform based on surface-engineered hydrated silica, contributing
to cleaner and more sustainable biocatalytic processes in the food industry.

2. Materials and Methods
2.1 Materials

Hydrated silica was kindly supplied by Evonik Degussa (China) Investment Co., Ltd. Glutaraldehyde,
ethylenediamine, 6-aminocaproic acid, dopamine hydrochloride, and epichlorohydrin were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. Flavourzyme® 1000L (produced by Aspergillus
oryzae) was donated by Novozymes (China) Biotechnology Co., Ltd. All other reagents used in this study
were of analytical grade.

2.2 Surface modification of hydrated silica (HS)

Prior to modification, hydrated silica (HS, 10 g) was washed three times with de-ionised water (3 x 100
mL), soaked in absolute ethanol (100 mL, 24 h) to remove organic contaminants, rinsed again with water
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(2 x 100 mL) and dried under vacuum at 60°C for 12 h and stored in a desiccator. Silica was first
activated with glutaraldehyde (common step), then subjected to four parallel functionalization routes. (i)
GA activation: dry HS (1.0 g) was suspended in 5 wt % aqueous glutaraldehyde (10 mL) and shaken (200
rpm) at 37°C for 4 h. The solid was recovered by vacuum filtration, washed with water (3 x 20 mL) and
vacuum-dried (40°C, 6 h). (ii) Amination (AHS): the activated support was reacted with 3 wt %
ethylenediamine (10 mL) at 30°C and 200 rpm for 8 h (Gennari et al. 2018). After filtration the product
was washed to neutral pH and dried under vacuum (40°C, 6 h). (iii) Carboxylation (CHS): the activated
support was treated with 8 wt % 6-aminocaproic acid (10 mL) at 60°C and 200 rpm for 4 h (Li et al.
2020), work-up followed the procedure described for AHS. (iv) Dopamine coating (DHS): activated HS
was immersed in 2 mg/mL dopamine hydrochloride solution (10 mL, 0.1 M Tris-HCI, pH 8.5) and shaken
(200 rpm) at 25°C for 12 h (Zheng et al. 2021). The slurry was filtered, rinsed sequentially with ethanol
(20 mL) and water (3 x 20 mL) until the filtrate was colorless, and vacuum-dried (40°C, 6 h). (v)
Epoxidation (EHS): dried HS (1.0 g) was dispersed in T M NaOH (10 mL); epichlorohydrin (15% v/v, 45
mL) and an equal volume of DMSO (45 mL) were added. The mixture was shaken (200 rpm) at 50°C for 3
h (Johansson et al. 2003). The solid was recovered by filtration, washed with ethanol (2 x 30 mL) and
water (3 x 30 mL), and vacuum-dried (40°C, 6 h). Functionalized silicas were denoted as AHS (amino),
CHS (carboxyl), DHS (dopamine) and EHS (epoxy) and stored in a desiccator until further use.

2.3 Diffuse Reflectance Fourier Transform Infrared
Spectroscopy (DR-FTIR)

Spectra were acquired on a Nicolet 6700 FT-IR spectrometer (Thermo Fisher, USA) equipped with a
Praying Mantis™ diffuse-reflectance accessory. Samples (~ 2 wt %) were gently ground with
spectroscopic-grade KBr and pressed into 13 mm pellets. All spectra were recorded over 4 000—-400
cm" at 4 cm~ resolution; 64 scans were co-added and averaged to improve the signal-to-noise ratio.
Background correction was performed against pure KBr measured under identical conditions.

2.4 X-ray photoelectron spectroscopy (XPS)

XPS analysis was carried out with a K-Alpha™ spectrometer (Thermo Fisher, UK) using monochromated
Al Ka radiation (hv =1 486.6 eV) operated at 12 kV and 3 mA. Survey spectra (0—1 350 eV) were
collected at a pass energy of 200 eV, while high-resolution C 1s, 0 1s, N 1s and Si 2p regions were
recorded at 50 eV pass energy with a 0.1 eV step. The analysis spot diameter was 400 pm and the take-
off angle 90°. Charge compensation was achieved with a low-energy electron flood gun; binding energies
were calibrated to the adventitious C 1s peak at 284.8 eV. Spectral deconvolution and quantification
were performed using Avantage v. 5.992 and XPSPEAK 4.1 software with Shirley background subtraction
and a 70% Gaussian / 30% Lorentzian line-shape. Atomic concentrations were calculated from peak
areas using the instrument-specific sensitivity factors provided by the manufacturer.

2.5 Immobilization of Flavourzyme

Modified hydrated-silica carriers (AHS, CHS, DHS or EHS) were first equilibrated in 0.1 M potassium
phosphate buffer (PBS, pH 7.0) for 30 min and recovered by vacuum filtration. For each carrier, enzyme
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solution (2-10 mg protein mL-", 10 mL, 0.1 M PBS) was prepared by diluting Flavourzyme® 1000 L with
the same buffer. The solid-to-liquid ratio was varied from 1:1 to 1:15 (w/v, dry basis) by adjusting the
mass of carrier while keeping the liquid volume constant at 10 mL. The suspension was shaken (200
rpm) in a thermostatic incubator over 4-20 h; temperature (25-55°C) and pH (5.0-9.0) were varied
systematically according to a one-factor-at-a-time (OFAT) protocol established from preliminary trials.
After the chosen interval, the solid was separated by filtration (0.45 pm nylon membrane), rinsed with 3 x
10 mL of fresh buffer to remove loosely bound protein, blotted on filter paper and dried under vacuum
(25°C, 6 h). The resulting immobilized enzymes were stored at 4°C and used within 48 h. The filtrate and
combined washings were retained for BCA protein assay and activity measurement, allowing calculation
of immobilization rate and enzyme activity recovery. Carriers are hereafter denoted AHS-F, CHS-F, DHS-F
and EHS-F, respectively.

2.6 Determination of immobilization rate

The protein concentration in the combined filtrate and washings was determined with a BCA Protein
Assay Kit (Thermo Fisher, USA) using bovine serum albumin as standard. The immobilization rate was
calculated as:

e CoxV-CexVy
Immobilization rate (%)= x100%
CyxVy

where C, and C, are the protein contents (mg/mL) and V, and V, are the total volumes (mL) of the liquid

phase before and after immobilization, respectively.

2.7 Determination of enzyme activity recovery

The enzyme activity of the immobilized Flavourzyme was measured by the Folin-Ciocalteu method using
casein as substrate. One unit (U) is defined as the amount of enzyme that liberates 1 pg of tyrosine per
minute at 40°C and pH 7.5. The enzyme activity recovery was calculated as:

o Total immobilized enzyme activity (U)
Enzyme activity recovery (%)= Total free enzyme activity (U) *100%

2.8 Catalytic properties of immobilized Flavourzyme

The optimum pH was determined by incubating free or immobilized Flavourzyme at 25°C for 10 min in
0.1 M buffers covering pH 4.0-10.0 (citrate 4.0-5.5, phosphate 6.0-8.0, glycine-NaOH 8.5-10.0).
Temperature profiling was carried out at 25-70°C. Proteolytic activity was measured in triplicate by the
Folin-Ciocalteu casein assay; results are expressed as relative activity (%) with the maximum set to
100%.

2.9 pH and thermal stability of immobilized Flavourzyme
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Free or immobilized Flavourzyme was incubated at 25°C for 10 h in 0.1 M buffers (pH 4-10). Residual
activity was then measured under optimal conditions and expressed as percentage of the untreated
control (100%). For thermal stability, aliquots were kept at 25, 35, 45, 55, 65 and 75°C (pH 7.5, 10 h),
cooled on ice and assayed in triplicate; residual activity was calculated relative to the unheated control.

2.10 Storage stability of immobilized Flavourzyme

Free and immobilized Flavourzyme were stored in 0.1 M PBS (pH 7.5) at 4°C without any preservative. At
5-day intervals over 30 days, aliquots were withdrawn in triplicate and assayed under optimal conditions.
Residual activity is reported relative to the initial value (day 0 = 100%).

2.11 Reusability of immobilized Flavourzyme

The same immobilized preparation (10 mg dry weight) was subjected to 20 successive hydrolysis
cycles. Each cycle consisted of 30 min hydrolysis of 1% (w/v) casein in 0.1 M phosphate buffer (pH 7.5,
40°C) followed by rapid filtration, three washes with buffer, and immediate re-use. Activity was measured
at the end of every cycle and expressed relative to the first cycle (100%). All measurements were
performed in triplicate.

2.12 Principal component analysis (PCA)

PCA was performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) to analyze the multivariate dataset
comprising immobilization rate, enzyme activity recovery, optimal pH/temperature, pH- and thermal-
stability, storage stability at 10, 30, and 50 d, and reusability after 10 and 20 cycles. Variables were
standardized (z-score normalization) prior to analysis to ensure equal weighting.

2.13 Statistical Analysis

All determinations were carried out in independent triplicates and are reported as mean + standard
deviation. One-way analysis of variance (ANOVA) followed by Duncan’s multiple-range test (SPSS 20.0,
SPSS Inc., Chicago, IL, USA) was used to assess differences among groups; p < 0.05 was considered
statistically significant.

3. Results and Discussion
3.1 DR-FTIR analysis of modified hydrated silica (HS)

The DR-FTIR spectra in Fig. 1 provide insights into the chemical structures of the modified HS. For AHS
(Fig. 1A), the appearance of characteristic peaks at 1296-1332 cm-", corresponding to C-N bond
stretching vibrations, confirms the successful grafting of ethylenediamine onto the HS surface (De
Meutter and Goormaghtigh 2021). The peak at 2933 cm~" is attributed to the stretching vibration of the
N-H bonds, while the absorption peak at 1645 cm~" is assigned to the in-plane bending vibration of the N-
H bonds in -NH, groups. These typical absorption peaks of amino groups in ethylenediamine validate the
formation of an aminated structure on the HS surface (Intarabumrung et al. 2022). The DR-FTIR
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spectrum of CHS (Fig. 1B) exhibits strong absorption bands between 1217-1653 cm-" associated with
the stretching vibrations of C-N and C-O bonds. This indicates covalent bonding between aminocaproic
acid and aldehyde groups on HS surface via a condensation reaction (Zhao et al. 2005). Peaks between
1300-1450 cm~" are likely due to the symmetric stretching vibrations of COO- in carboxylates,
suggesting that some aminocaproic acid may exist in ionic form on the HS surface (Benke et al. 1998;
Daulay et al. 2024). DHS (Fig. 1C) shows characteristic peaks between 1450-1546 cm-", attributed to
the stretching vibrations of C = C bonds in the aromatic rings of polydopamine. The absorption band
between 1220-1700 cm~" corresponds to the stretching vibrations of C-N bonds (Guo et al. 2023), with
the peak at 1454 cm~" assigned to the bending vibration of -NH- bonds and the vibration of -NH, bonds
appearing at 1662 cm~". These results are consistent with previous studies, confirming that dopamine
underwent oxidative self-polymerization on the HS surface to form a polydopamine coating (Eshaghi and
Pouransari 2025). For EHS (Fig. 1D), a characteristic peak is observed at 1676 cm-", attributed to the
stretching vibration of C = O bonds. The stretching vibrations of C-O bonds occur between 1183-1331
cm-", aligning with prior findings (Daulay et al. 2024). This indicates that the ring-opening reaction of
epichlorohydrin with hydroxyl groups on the HS surface formed new C-O bonds. Additionally, the
absorption band between 2900-3055 cm~" corresponds to the stretching vibrations of saturated C-H
bonds, and the absorption peak at 781 cm~" is attributed to the carbon-chlorine bond, confirming the
successful introduction of the alkyl chain of epichlorohydrin onto the HS surface (Talik et al. 2020).

3.2 XPS analysis

High-resolution XPS spectra (Fig. 2) and surface atomic compositions (Table 1) confirm successful
functionalization. Pristine HS exhibits the expected SiO, signature (Si 2p =103.2 eV, 0 1s =532.9 eV)
with low adventitious carbon (7.35 at %) (Laguri et al. 2018). After modification, nitrogen is detected on
AHS (4.54 at %), DHS (6.18 at %) and CHS (0.6 at %), while oxygen increases from 40.5 to 70.3 at %
(CHS) and 71.8 at % (EHS), consistent with the introduced O-containing linkers. Deconvolution of the C
1s envelopes reveals the anticipated chemical shifts: AHS exhibits contributions from C—N/C—-0OH at
285.8 eV along with a shoulder peak at 286.2 eV that can be attributed to the C = N double bond of
imines, corroborating Schiff-base coupling of ethylenediamine (Das et al. 2022; Tan et al. 2023). The N
1s spectrum further exhibits two peaks corresponding to primary/secondary amines at 399.5 eV and
tertiary amines at 401.4 eV, confirming the successful grafting of ethylenediamine and the formation of
aminated structure on the HS surface (Huang et al. 2018). CHS exhibits a carboxyl C = 0 component at
287.1 eV and COO- satellites at 530.4-531.8 eV in the O 1s region, verifying 6-aminocaproic acid
anchoring (Tang et al. 2019; Fujisaki et al. 2024). DHS displays catechol/quinone O 1s peaks at 531.5 eV
and 532.9 eV together with C = N (403.4 eV) in the N 1s spectrum, consistent with polydopamine film
formation (Jiang et al. 2010; Chao et al. 2014, Atrei et al. 2024). EHS presents C-0-C (285.9 eV) and O-
C =0 (288.1 eV) carbon environments together with residual epoxy signals (531.5 eV and 532.9 eV),
confirming ring-opening of epichlorohydrin and grafting of the alkyl chain (Li et al. 2018; Shen et al.
2018). Thus, each modification route introduces the expected surface functionalities, providing a
versatile platform for subsequent enzyme immobilization.
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Table 1

Surface elemental compositions of pristine and functionalized hydrated silica
(HS, pristine hydrated silica; AHS, amino-modified hydrated silica; CHS,
carboxyl-modified hydrated silica; DHS, dopamine-modified hydrated silica; EHS,
epoxy-modified hydrated silica)

Elemental compositions (at %) HS CHS DHS AHS EHS
C 7.35 20.34 16.55 39.48 184
N 0 0.6 6.18 4.54 0

0] 4049 70.25 56.93 3553 71.84
Si 52.54 8.81 20.34 2044 9.64

3.3 Optimization of immobilization conditions for modified
HS

3.3.1 Optimization of AHS-F immobilization conditions

The immobilization behavior of Flavourzyme on AHS was systematically optimized with respect to
enzyme concentration, temperature, pH, reaction time, and solid-to-liquid ratio. At low enzyme loadings,
immobilization efficiency increased linearly with concentration due to the availability of free amino
groups on the carrier. Saturation was reached at 6 mg/mL, beyond which no further increase in loading
was observed (Fig. 3AHS-a). However, enzyme activity recovery plateaued at 11.95%, suggesting that
overcrowding of enzyme molecules restricted substrate accessibility (Carballares et al. 2022). Thus, 6
mg/mL was selected as the optimal enzyme concentration. Temperature exerted a dual effect: while
higher temperatures enhanced collision frequency, they also promoted protein denaturation (Flores et al.
2019). At 50°C, although the immobilization rate reached 80%, enzyme activity recovery dropped sharply
to 5%. In contrast, 25°C balanced both metrics, yielding 62.33% immobilization and 26.51% enzyme
activity recovery (Fig. 3AHS-b). pH influenced both enzyme stability and carrier—enzyme electrostatic
interactions (Dotsenko et al. 2024). Immobilization rate peaked at pH 8, but enzyme activity recovery
collapsed (> 90% loss). At pH 6, immobilization rate was moderate (50%), but enzyme activity recovery
was maximized (23.83%) (Fig. 3AHS-c). Hence, pH 6 was chosen. Prolonged reaction times led to
enzyme desorption and deactivation. A 4 h window provided the best compromise: 60% immobilization
rate and 40% enzyme activity recovery (Fig. 3AHS-d). Finally, the solid-to-liquid ratio governed enzyme—
carrier contact probability (Li et al. 2024). A 1:10 ratio maximized both immobilization rate (64.03%) and
enzyme activity recovery (39.70%) (Fig. 3AHS-€).

3.3.2 Optimization of CHS-F immobilization conditions

For CHS-F, enzyme concentration was optimized first. Enzyme activity recovery increased with loading

up to 8 mg/mL, reaching 57.09%, while immobilization rate plateaued at 43.15% (Fig. 3CHS-a). Beyond

this point, steric hindrance and mass-transfer limitations reduced enzyme activity recovery (Bolivar and
Nidetzky 2019); thus, 8 mg/mL was selected. Temperature screening revealed that enzyme activity
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recovery declined monotonically with increasing temperature, whereas immobilization rate peaked at
35°C (Fig. 3CHS-b). Elevated temperatures weakened the Schiff-base linkages, promoting enzyme
leaching (Saroja and Bhat 2021). Consequently, 25°C was adopted. pH optimization showed a maximum
in both immobilization rate and enzyme activity recovery at pH 8 (Fig. 3CHS-c). Reaction time profiling
indicated that 12 h was required to reach equilibrium (Fig. 3CHS-d). Finally, a 1:15 solid-to-liquid ratio
offered the best trade-off between cost and performance: 63.56% immobilization rate and 71.95%
enzyme activity recovery (Fig. 3CHS-e).

3.3.3 Optimization of DHS-F immobilization conditions

DHS-F exhibited similar trends to CHS-F. Enzyme saturation occurred at 8 mg/mL, with enzyme activity
recovery and immobilization rate at 57.09% and 39.44%, respectively (Fig. 3DHS-a). Higher loadings
caused a decline in both metrics. Temperature and pH optima were 25°C and pH 7, respectively

(Fig. 3DHS-b,c). Reaction time and solid-to-liquid ratio optima were identical to CHS-F: 12 h and 1:15
(Fig. 3DHS-d,e). Final results achieved a 42.02% immobilization rate and 73.69% enzyme activity
recovery.

3.3.4 Optimization of EHS-F immobilization conditions

EHS-F displayed distinct behavior. Immobilization rate decreased with enzyme concentration, whereas
enzyme activity recovery increased up to 6 mg/mL and then plateaued (~ 38%) (Fig. 3EHS-a). Low
loadings favored full utilization of active sites; higher loadings induced competitive binding. Thus, 6
mg/mL was selected. Temperature screening showed a maximum in both metrics at 25-35°C

(Fig. 3EHS-b). Above 35°C, experienced a significant drop, approaching zero at 50°C due to thermal
denaturation. Therefore, 25°C was considered optimal for balancing both immobilization rate and
enzyme activity recovery. pH profiling revealed that immobilization rate peaked at pH 8, while enzyme
activity recovery was highest at pH 6 (Fig. 3EHS-c). To balance both, pH 6 was adopted. Reaction time
optimization indicated that enzyme activity recovery declined after 4 h, whereas immobilization rate
peaked at 16 h (Fig. 3EHS-d). Prioritizing catalytic performance, 4 h was selected. A 1:10 solid-to-liquid
ratio maximized enzyme activity recovery (44.68%) while maintaining acceptable immobilization rate
(52.92%) (Fig. 3EHS-e).

3.4 Optimal catalytic pH and temperature of immobilized
Flavourzyme

Compared with the free Flavourzyme (FF), all immobilized preparations exhibited a pronounced alkaline
shift in their optimal pH (Fig. 4A). FF displayed maximum activity at pH 7, whereas AHS-F and DHS-F
moved the optimum to pH 8. CHS-F and EHS-F produced an even stronger displacement (optimum pH
9). The micro-environment created by the charged or H-bonding groups on the carrier stabilizes the
protonation state of key residues, delaying denaturation under alkaline conditions (Yang et al. 2017).

The temperature optimum was also carrier-dependent (Fig. 4B). FF retained maximal activity at 50°C,
whereas CHS-F and DHS-F peaked at 60°C, indicating that covalent cross-linking rigidifies the active site
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and suppresses heat-induced unfolding. AHS-F, in contrast, gave its highest activity at 40°C, suggesting
that electrostatic interactions with the amino-functionalized surface slightly perturb enzyme
conformation and reduce thermal tolerance (Cai et al. 2025). EHS-F showed a peak activity at 50°C,
similar to FF, but with a broader activity range extending up to 70°C. CHS-F and DHS-F preserved > 60% of
their maximum activity between 40 and 70°C, whereas FF lost > 50% of its activity above 60°C. These
results agree with previous reports of nanoparticle-immobilized lipases that gained 5-10°C thermal
tolerance after covalent attachment (Nasiri et al. 2025), confirming that immobilization broadens the
operational temperature window of Flavourzyme.

3.5 pH and thermal stability of immobilized Flavourzyme

The pH stability of both free and immobilized Flavourzyme was evaluated after a 10-hour incubation at
25°C across a pH range from 4 to 10, as shown in Fig. 5A. FF showed significant variation in enzyme
activity with pH changes and exhibited low retention of enzyme activity. At its optimal pH of 7, FF
retained only 45% of its enzyme activity after incubation. In contrast, immobilized Flavourzyme, except
for those modified with epoxide groups, maintained over 50% of their enzyme activity under optimal pH
conditions. As the pH increased, FF's activity dropped substantially to 17.21% of its maximum at pH 10.
However, immobilized Flavourzyme retained more than 30% of their initial activity, indicating significantly
enhanced resistance to pH variations and improved pH stability.

The thermal stability of free and immobilized Flavourzyme was assessed over a temperature range of
25-75°C, with results depicted in Fig. 5B. After 10 hours at 55°C, FF's activity decreased to 11% of its
initial value. In comparison, CHS-F and DHS-F retained over 40% of their activity, while AHS-F and EHS-F
retained more than 15%. After 10 hours at 65°C, FF lost almost all its activity, whereas DHS-F still
retained 20.65% of its activity, demonstrating strong thermostability. Consistent with the study by
Motamedi et al. (Motamedi et al. 2021), which reported that immobilized oxidase on Ni-based magnetic
metal-organic framework exhibited greater thermal stability at temperatures ranging from 50 to 70°C
compared to free enzymes, the enhanced thermal stability of immobilized Flavourzyme likely arises from
interactions between the enzyme and carrier that reduce protein conformational changes at high
temperatures.

3.6 Storage stability of immobilized Flavourzyme

Immobilization markedly extends the shelf-life of Flavourzyme (Fig. 6A). FF lost over 99% of its activity
within 15 d at 4°C, whereas immobilized preparations retained over 50-90% over the same period. After
55 d, AHS-F retained only 1.26% of residual activity, while CHS-F and DHS-F preserved 41.02% and
51.01%, respectively. EHS-F retained 12.11% of its activity. The enhanced stability is likely attributed to
immobilization reducing interactions between enzyme molecules, thereby minimizing aggregation or
denaturation (Cavalcante et al. 2021). Enhanced enzyme—carrier contacts, imparted by surface
functionalization, provide additional physical protection against thermal and pH-driven denaturation (de
Souza et al. 2020), demonstrating that immobilization is an effective strategy to prolong the useful
lifetime of Flavourzyme under ambient storage conditions.
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3.7 Reusability of immobilized Flavourzyme

Operational stability was assessed over 20 consecutive cycles (Fig. 6B). All immobilized preparations
retained over 85% of their initial activity after five cycles and > 55% activity through the 11th cycle. By the
conclusion of the 20-cycle experiment, notable variations in residual activity were observed among the
different immobilized enzyme systems. Specifically, the residual activities for AHS-F, CHS-F, DHS-F, and
EHS-F were measured at 19.22%, 36.15%, 50.26%, and 8.66%, respectively. Compared with single-use FF,
immobilization extended the working life 5- to 8-fold, substantially reducing enzyme replacement
frequency and operating costs. Notably, DHS-F preserved over 50% activity after 20 cycles, positioning it
as a highly promising candidate for enhancing enzyme-catalyzed processes within the food industry.

3.8 Principal component analysis (PCA)

To simplify the interpretation of the complex dataset generated from the evaluation of various
immobilized Flavourzyme systems, a PCA model was built to condense the multivariate data set
(immobilization rate, enzyme activity recovery, optimal pH/temperature, pH- and thermal-stability,
storage stability at 10, 30, and 50 d, and reusability after 10 and 20 cycles) into orthogonal components
(Fig. 7). The variables were standardized to ensure equal weighting in the analysis. The first two principal
components explained 87.59% of the total variance (PC1 = 68.48%, PC2 = 19.11%; Fig. 7A). PC1 was
dominated by positive loadings for storage stability (0.87-0.95), reusability (0.90-0.93) and
immobilization rate (0.75), identifying this axis as a “stability—capacity” factor. PC2 was primarily
influenced by optimal temperature (0.74) and pH-stability at pH 7 (0.54), with minor contributions from
storage-50 d (0.46) and reusability-20 cycles (0.31), and can be interpreted as a “temperature—pH
robustness” factor.

The score plot (Fig. 7B) visualizes the distribution of different immobilized Flavourzyme samples across
the two principal components. FF is located in the negative PC1/positive PC2 quadrant, reflecting poor
stability but high temperature optimum. CHS-F and DHS-F cluster on the positive PC1 side, with DHS-F
exhibiting the highest PC2 score, indicating the best combination of long-term stability and
temperature—pH tolerance. AHS-F and EHS-F fall in the negative PC1 space, consistent with their
relatively lower storage and recycling performance.

Thus, PCA provided insights into the relationships among various properties of the immobilized
Flavourzyme systems, highlighting the importance of storage stability and reusability in differentiating
their performance. The distinct clustering of immobilized systems based on their PCA scores indicates
that different immobilization strategies result in systems with unique performance profiles. Specifically,
DHS-F and CHS-F performed well on variables such as Storage stability and Reusability, making them
suitable for applications requiring high stability and repeat use. These findings can guide future research
and development efforts towards optimizing immobilization processes for specific industrial
applications.

4. Conclusion

Page 11/22



This study systematically investigated the surface modification of hydrated silica and its application in
Flavourzyme immobilization, aligning with sustainable practices advocated by the food industry. Utilizing
DR-FTIR and XPS, we characterized various modified carriers and systematically evaluated their impact
on enzyme immobilization efficiency and properties. Our findings underscored the capacity of surface
modifications to enhance enzyme loading capacity and modulate enzymatic properties, thereby offering
a promising approach to improve the sustainability of biocatalytic processes. Through single-factor
experiments, we identified the optimal immobilization conditions for each modified carrier, leading to
immobilized enzyme systems that demonstrated significant improvements in catalytic performance.
Notably, the optimal pH and temperature for these systems shifted compared to their free enzyme
counterparts, reflecting the influence of the carrier modifications on enzymatic activity. Moreover, the
immobilized enzymes exhibited enhanced stability across a range of pH conditions and elevated
temperatures, which is crucial for their application in industrial settings where conditions can vary
widely. Storage and reusability tests further underscored the practical applicability of the immobilized
enzyme systems. PCA confirmed that storage stability and reusability are the principal discriminators of
performance, with DHS-F offering the best compromise between robustness and recyclability.
Collectively, these results provide valuable insights for the development of efficient and robust enzyme
immobilization systems, contributing to cleaner production practices and sustainable industrial
applications.
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Figure 1

DR-FTIR spectra of pristine and surface-functionalized hydrated silica (HS, pristine hydrated silica; AHS,

amino-modified hydrated silica; CHS, carboxyl-modified hydrated silica; DHS, dopamine-modified
hydrated silica; EHS, epoxy-modified hydrated silica).
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Figure 2

XPS survey and high-resolution (C 1s, O 1s, N 1s, Si 2p) spectra of hydrated silica before and after
modification.
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Figure 3

Optimization of Flavourzyme immobilization on various modified hydrated silica carriers.
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Figure 4

Optimal catalytic pH (A) and temperature (B) of free and immobilized Flavourzyme.
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Figure 5

Acid-base (A) and thermal (B) stability of free and immobilized Flavourzyme.
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Storage stability (A) and reusability (B) of immobilized Flavourzyme.
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