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ARTICLE INFO ABSTRACT

Keywords: This paper reports the synthesis of magnetic lipase/Cu3(PO4)2 hybrid nanoflowers via a rapid
Magnetic hybrid nanoflower ultrasonication method. The enzyme immobilization and nanoflower growth mechanism can be
Ultrasonication

described as the (a) Fe2+, Cu2+, and phosphate “binding”, (b) metal phosphate crystals formation,
(c) formation and growth of metal phosphate crystals to form plate-like structures, and (d) self-
assembly of plate structures that forms a flower-like structure. Some factors contributing to the
morphology of the hybrid nanoflowers structure includes the time and concentration of lipase
were studied. The effect of temperature, pH, and duration on the enzyme immobilization yield
were also studied. In addition, the strong magnetic property (9.73 emu g~!) of the nanoflowers
resulted in higher retrievability and reusability after repeated usage. Furthermore, the catalytic
activity of lipase/Cu3(PO4)2 hybrid nanoflowers was investigated and the ideal conditions were
determined whereby, the maximum activity was calculated to be 1511 + 44 U g}, showing a
catalytic enhancement of 89% in comparison to free lipase. The reusability study showed that,
after 5 cycles, the magnetic lipase/Cu3(PO4)2 nanoflowers successfully retained 60% of its initial
activity. From the results obtained, it is worth noting that, the magnetic lipase/Cuz(PO4) hybrid
nanoflowers are highly efficient in industrial biocatalytic applications.

Biocatalyst
Immobilized lipase

1. Introduction

Over the past decade, enzyme immobilization technique has been incorporated into nanostructures to act as platforms to promote
higher efficiency, and storage stability of enzymes which enhances their reusability value and ultimately becomes more economically
efficient in comparison to free enzymes [1-5]. The attachment of enzymes onto a platform and/or support is known as the process of
enzyme immobilization [6]. This process is often accomplished through physical and/or chemical bonding. The physical bonding
methods include adsorption or entrapment whereas, chemical bonding is through a covalent bonding or cross-linking [7]. Immobilized
enzymes sometimes may show reduced activity in the case of the (a) type of organic solvent used immobilized parts of the enzyme, (b)
active site of enzyme is blocked which reduces availability, (c) support matrix that acts as an inhibitor, and (d) mass transfer between
enzyme and substrate [8-12]. This shows that there is room to improve current immobilization methods to increase stability,
longevity, and catalytic performance of immobilized enzymes.
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The breakthrough from Ge et al. (2012) involving the synthesis of copper sulphate as an inorganic component and bovine serum
albumin as an organic component revolutionized the development of protein-inorganic hybrid nanoflowers (NFs). The study showed
that immobilized enzymes had higher enzymatic activity than free enzymes by ~650% [13]. Zhang et al. [14] prepared lipa-
se/Zn3(PO4)2 hybrid NFs using a facile one-step precipitation method inspired by previous studies [13-15]. The study showed that the
enzymatic activity of the immobilized enzyme had increase by 147% compared to free lipase [14]. A more recent study showed that
lipase immobilized using the co-precipitation method onto magnetic NPs had an enhancement of 189.6% [16], meanwhile Anboo et al.
(2023) showed a 90.5% enhancement when lipase was immobilized onto copper phosphate NFs [17]. Several reasons why immobi-
lized enzymes have a significantly high enzymatic activity is because of the: (i) interaction and bonding mechanism between enzyme
and inorganic component, (ii) hybridizing effect which creates an allosteric effect of the immobilized enzymes and (iii) large surface
area due to the flower-like structure [14].

The development of protein inorganic hybrid nanoflower developed by Batule et al. [18] sparked researchers as the method of
synthesis is one-step, fast, green and requires low energy consumption. The method only requires a sonication time of 5 min at room
temperature, which drastically reduced the preparation time. The enzymes chosen in the study were laccase and bovine serum al-
bumin. The study also revealed that longer duration of synthesis (7 min) had slight or no impact on the growth of the NFs. There were
no significant changes in the morphology and arrangement of the hybrid NFs unlike the change in enzyme loading. Higher enzyme
concentrations yielded in a more irregular structure due to agglomeration of enzymes [18].

Inspired and modified as seen fit by the previous studies, herein, we select CuSO4 as primary inorganic component and lipase as the
organic component to develop magnetic lipase/Cu3(PO4)2 hybrid NFs. In comparison to other metal ions, copper is a common metal
ion primarily used in various studies due to its catalytic property, is readily available, and cheap. Lipase was chosen because of its
sensitivity to hydrophilic and hydrophobic characteristics on carrier/support due to interfacial activation [13]. The main objective of
this paper is the mechanistic study of magnetic lipase/Cug(PO4), hybrid NFs using a facile one-step ultrasonication method as well as
to analyse the effect of varying parameters and the inorganic components used during synthesis through material characterization. The
experiment was based on the formation and bonding mechanism of the hybrid NFs which is illustrated below. The formation and
bonding mechanism was studied by altering duration of synthesis and concentration of lipase to observe the change in particle size and
definition of the NF architecture. Several other influencing factors on the morphology, arrangement, properties, enzyme loading
capacity and catalytic activity of synthesized hybrid NFs were also investigated.

2. Experimental sections
2.1. Material and chemical preparations

Lipase from porcine pancreas, phosphate buffered saline (PBS), bovine serum albumin (BSA), hydrochloric acid (HCI), and Triton-X
were purchased from Sigma-Aldrich (M) Sdn. Bhd. Whereas, copper (II) sulphate pentahydrate (CuSO4-5H20), iron (II) sulphate
heptahydrate (FeSO4-7H20) and sodium hydroxide (NaOH) were purchased from regional representation, Merck Sdn. Bhd. Bradford
reagent (1-1400 pg mL ™ protein) was purchased from Supelco. Cupric acetate pyridine reagent (CAPR) was prepared by mixing cupric
acetate monohydrate (Cu(CO2CHgs)2-H20) and pyridine (purchased from Sigma-Aldrich (M) Sdn. Bhd.) until pH 6 was achieved. The
olive oil used for enzymatic activity was purchased from local grocery store. All reagents were analytical and pure.

2.2. Synthesis of magnetic Lipase/Cus(POg4)2 hybrid NFs
The experimental procedure was inspired and modified from the works of Batule et al. [18]. 0.2 M aqueous copper (II) sulphate

solution and 0.2 M iron (II) sulphate solution in the volume ratio of 1.5:1 was added to 3 M NaOH until pH 11-12 was achieved.
Equations (1)-(6) shows the sonochemical formation of magnetite [19].

H:0 — H e +OH (€D
He +He - H,O 2)
OHe +OH e - H,0, 3)
FeSO, (s) = Fe** (aq) + (SO,)* (aq) 4)
2Fe’ + H,0, — 2Fe’" + 20H~ (5)
Fe?" (aq) +Fe’" (aq) +80H™ (aq) — Fe;0;4 (s) + 4H,0 (6)

The precipitate was collected, neutralized to pH 7.2 before adding to 3 mL of phosphate buffer solution of pH 7.2 at room tem-
perature. Lipase was added to the mixture in order to obtain a concentration of 0.3 mg mL ™. The mixture was then ultrasonicated at
30 °C using distilled water in ultrasonic cleaner (6L, Cole-Parmer) operating at 40 kHz powered at 150 W for 7 min. Upon sonication,
the obtained solution was centrifuged at 3600 rpm for 6 min (Universal 320R, Hettich). The precipitate was collected and freeze-dried
for further analysis.
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2.3. Characterization of magnetic Lipase/Cus(PO4)2 hybrid NFs

The average particle diameter and size distribution of magnetic lipase/Cu3(PO4)2 hybrid NFs were determined using Light Scat-
tering Particle Size Distribution Analyzer (PSA, LA-960, Horiba Scientific) to improve accuracy, reproducibility, and stability as the
equipment is a realignment-free operation. The testing system was ultrapure water (25 ° C, refractive index 1.529). Fourier Transform
Infrared (FTIR) spectra was determined using FTIR microscope fitted with attenuated total reflection (ATR) detector and diamond
crystal (Cary 630, Agilent Technologies). The measurements were obtained by scanning each sample between 4000 and 600 cm ™!
wavenumbers. The morphology, supramolecular arrangements, and elemental compositions were observed using Scanning Electron
Microscope and Energy Dispersive X-Ray respectively (SEM, Quattro S, Thermo Scientific). Magnetisation study was analyzed using
Vibrating Sample Magnetometer (VSM, LakeShore 340, Lakeshore Cryotronics) whereby the magnetic field used was between -8kOe to
+8 kOe at room temperature. The crystalline properties of the magnetic hybrid nanoflowers (mhNFs) were studied using an X-Ray
diffraction (XRD, MiniFlex, Rikagu) technique in a 2 6 ranging from 10° to 90° with step size of 0.01 s and step time of 1 s with close
reference to previous study [20]. The zeta potential was studied using a zeta sizer (ZEN3600, Malvern Zeta sizer Nano ZS) whereby, the
magnetic lipase/Cus(PO4)2 hybrid NFs were dispersed in PBS solution of various pH ranging from 2 to 14 to determine the isoelectric
point at room temperature and refractive index of 1.8. The zeta potential of pure Cu3(PO4)2 and Fe3O4 magnetite NPs were also
included for comparison purposes. The formation and bonding mechanism was experimented by changing concentration of lipase and
duration of synthesis to observe the change in particle size as well as definition of the NF architectures.

2.4. Enzymatic activity of magnetic Lipase/Cu3(POg4)2 hybrid NFs

The enzymatic activity was studied using olive oil substrate emulsion from the works of Mustafa et al. [21] with minor modifi-
cations. Firstly, an olive oil substrate emulsion was formed by mixing olive oil, 1% (v/v) Triton-X, and PBS (pH 8) in the ratios of 2:1:1
v/v respectively. The mixture was let to emulsify with gentle stirring before adding 20 mg of magnetic lipase/Cuz(PO4) hybrid NFs
and incubated at 37 ° C at 150 rpm for 40 min 0.5 mL of samples were taken out every 10 min to allow reaction with 0.6 mL of CAPR
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Fig. 1. SEM images of magnetic lipase/Cu3(PO4)2 hybrid NFs (A-B); Size distribution of magnetic lipase/Cuz(PO4)2 hybrid NFs (C).
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and 2.5 mL of hexane. The solution was allowed to mix through a micropipette whereby, the solvent was collected and then released to
ensure the solution was well mixed. The purpose of adding hexane is to ensure the fatty acid soaps dissolve before analysis. Finally, 500
u L of the blueish-green solution was taken out and analyzed using a UV-vis spectrometer (DR-2800, HACH) at an absorbance of 655
nm. Progress curves were plotted to evaluate the enzymatic activity of lipase, whereby, oleic acid was used as standard solution. The
immobilization yield was calculated by measuring the protein concentration in supernatant upon centrifuging the solution using
Bradford assay and BSA as standard solution. Triplicate readings was measured using UV-vis spectrometer at 595 nm.

rate of enzymatic activity of immobilized lipase
rate of enzymatic activity of free lipase

Activity enhancement = x 100%

remainder lipase

Immobilization yield = (1 - > x 100%

initial lipase
2.5. Stability and reusability analysis

The thermal, pH, and storage stability of magnetic lipase/Cu3(PO4)2 hybrid NFs and free lipase were also conducted. The pH
stabilities of magnetic lipase/Cus(PO4)2 hybrid NFs were determined in the range of 3, 5, 7.2, 9, and 11, ranging from an acidic to an
alkaline environment. The pH was adjusted by the addition of HCl and NaOH for acidic and alkaline conditions respectively. The
thermal stability was conducted in the range of 30-50 ° C with an increment of 10 ° C, whereas, the storage stability was studied by
evaluating enzymatic activity for 20 days whereby, the residual activity was measured every 2 days. The enzyme activity was studied
using the assay described above unless specified. Triplicate readings was measured.

3. Results and discussion
3.1. Morphology of magnetic Lipase/Cus(PO4)2 hybrid NFs

Precipitates of different colors were collected for further analysis and characterization. The series of colored precipitates include
blue and dark brown to black for lipase/Cu3(PO4)2 and magnetic lipase/Cu3(PO4)2 hybrid NFs respectively. Based on previous reported
study [17], the pure Cu3(PO4)2 NPs show sharp and spiky-edged structures which further enhances the orifices and prevents clogging.
The SEM images of enzyme-incorporated hybrid NFs are presented in Fig. 1A and B. The synthesized magnetic lipase/Cu3(PO4)2 hybrid
NFs exhibited beautiful, homogenous flower-shaped structures with high surface-to-volume ratio as the edges of the stellate are sharp
and distinctive. This suggests that the nanoflower structure was formed through the stacking of numerous nanoplates also known as the
“petals” of the hybrid NF structures. The presence of nanoplates and the significant clearance between them resulted in the high surface
area and porosity [14].

Fig. 1C shows the particle size distribution of magnetic lipase/Cug(PO4), hybrid NFs using dynamic light scattering (DLS) whereby,
the smallest particle size is 2.7 4 m and average particle size is 5.76 y m which is in fair agreement with the SEM analysis and previous
reported works [18,22,23].
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Fig. 2. FTIR spectra: free lipase, Cuz(PO4)2, Fe304 magnetite and magnetic lipase/Cu3(PO4)2 hybrid NFs.
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3.2. Components and properties of magnetic Lipase/Cus(POg4)z hybrid NFs

The composition and properties of prepared magnetic lipase bound hybrid NFs was studied using infrared spectrum to system-
atically analyse the samples. Fig. 2 shows the FTIR spectra of various samples including free lipase, Cuz(PO4)2, and magnetic lipase/
Cu3(POy4); to analyse the difference in peaks and functional groups present.

From Fig. 2, it can be seen that the hybrid NFs incorporates the main absorbance spectra of free lipase as well as Cu3(PO4). particles.
Peaks observed between 1650 cm ™!, 1350 cm ™}, 1460 cm™! and 1020-1220 cm ™ are typical protein and/or enzyme characteristics
[24]. Free lipase typical peaks include peaks between 1650 and 1550 cm ™! ~CONH and 2800-3000 cm ™ for CH, and CH3 bonds [25].
It can be observed that the hybrid magnetic NFs share similar peaks. It also has sharper peaks which may be due to the interaction
between amino groups on lipase and the inorganic component. The peak at 3371 cm™! indicates the potential coordination between
the Fe>*, Cu®*, and amino groups present on lipase with close reference to Zhang et al. (2016) [14]. In addition, P-O stretching
between 1072 cm ™! and 850 cm ™! indicates the relationship between phosphate groups within the hybrid NFs’ structure [26]. It is also
noteworthy that no significant shifts between peak positions were observed.

The elemental composition study was conducted as shown in Figs. 3 and 4. The EDX analysis showed the common elements
attributed to magnetic lipase/Cug(PO4)2 hybrid NFs including Cu, Fe, P, O, N, and C. The mapping of magnetic lipase/Cu3(PO4)2 shows
that the elemental composition is made up of elements combined from free lipase and pure Cu3(PO4)3 NPs as shown in Fig. 3A-C. The
complete elemental compositional analysis is shown in Fig. 4A-C whereby, it was performed using energy dispersive spectroscopy by
measuring intensity and energy distribution of X-ray signal generated when the electron beam strikes the surface of the specimen. It is
notable that, the weight percentage of carbon in Fig. 4A is the highest with respect to the pure Cuz(PO4)2 NPs and mhNFs due to
specimen being pure lipase without added inorganic component and/or impurities from the metal salts. Pure Cug(PO4)2 NPs also have
higher weight percentage of cupper than mhNFs whereby, the results are similar to the FTIR spectrum in Fig. 2 and previous studies
using similar components [27,28].

The magnetic properties of the hybrid NFs synthesized can be proven as shown in Fig. 5A and B. The addition of NaOH allowed for
the formation of Fe3O4 magnetite which carries the magnetic properties. The magnetic lipase hybrid NFs were dispersed in distilled
water and allowed to settle before applying a magnetic field. When the magnetic field was applied using a magnetic stirrer bar, the
magnetic enzyme-incorporated hybrid NFs were attracted to the walls of the microvial within 10 s as shown in Fig. 5A. Fig. 5B shows
the hysteresis curves of the magnetic lipase hybrid NFs developed. The magnetic hysteresis curves are S-shaped loops whereby, all of
the loops shows negligible coercivity and remanence proving the superparamagnetism characteristics [29-31]. The magnetisation of

EDS Layered Image 2 EDS Layered Image 1

Fig. 3. Elemental composition by element: free lipase (A); pure Cuz(PO4)2 NPs (B), and magnetic lipase/Cuz(PO,4), hybrid NFs (C).
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EDS Layered Image 4

Fig. 3. (continued).

magnetic lipase/Cus(PO4), hybrid NFs were 9.73 emu g~ !. The magnetic lipase/Cus(PO4), hybrid NFs showed a higher magnetisation
than previous reported work with magnetisation values of 7.51 emu g+ [29] and 8.159 emu g~ * [16]. It can be suggested that various
factors: (a) the method of preparation, (b) the combination of inorganic components, and (c) the operating conditions affected the
magnetisation values.

The X-ray diffractogram patterns of free lipase, Cuz(PO4)2 NPs, and various mhNFs are shown in Fig. 6. From the figure, we can
observe free lipase had pronounced peaks at 2 # = 12°, 16°, 20°, 21°, and 24° which is in agreement with previous study [14].
Cu3(PO4)2 NPs had significant peaks at 2 § = 13°, 32°, 36°, 45°, 56°, and 75° which matches with little discrepancy with the standard
Cu3(PO4)2-3H20 XRD pattern (JCPDS: 22-0548). The XRD pattern of magnetic lipase/Cug(PO4)2 NFs contain the diffraction peaks and
crystalline compounds of free lipase and Cug(PO4)2 NPs. Aside from that, the magnetic lipase/Cug(PO4)2 NFs contain significant peaks
at 26 = 32°, 35°, 47°, 62°, and 67° which is highly likely to be contributed by the magnetic component, Fe304 magnetites as assigned
(JCPDS: 01-071-6336) [32]. Thus, the inorganic component of magnetic lipase/Cu3(PO4)2 NFs were copper phosphate pentahydrate
and iron (I, III) oxides.

Zeta potential is a physical property typically exhibited by particles in suspension. The analysis is done to understand and predict
the long-term stability of particles. In this case, the zeta potential analysis can aid in the formulation of protein solutions and its
interaction in dispersant solutions [33]. Colloidal system of hybrid NFs can be defined as the dispersion of solid hybrid NFs in PBS,
dispersant solution. Colloidal stability can be described as the degree of flocculation, whereby, if the particles have high repulsion from
one another, the degree of flocculation is lower, hence, increasing colloidal stability [34]. In order to achieve colloidal stability, the
electrostatic or charge stablization must be achieved, whereby, the charge distribution effects the particle interaction. The electrostatic
stabilization mechanism typically involves the altering of concentration of positive or negative ions in dispersant [35]. The mechanism
of electrostatic stabilization of NPs in dispersant solution is when the van der Waals forces are balanced with electrostatic repulsion as
similar charges group on the external layer of particles which ultimately leads to a steric repulsion to achieve colloidal stability. The
key advantage of this mechanism is it is reversible and cheap.

The zeta potential of the magnetic lipase/Cug(PO4)2 hybrid NFs can be shown in Fig. 4.4B—C. The magnitude of zeta potential shows
the collodal stability of the particles, whereby a high positive or negative value means a high repulsion and low degree of flocculation
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Fig. 4. Complete elemental composition: free lipase (A); pure Cuz(PO4)2 NPs (B), and magnetic lipase/Cuz(PO4)2 hybrid NFs (C).

[34,36]. From Fig. 7, we can observe the effect of pH on the zeta potential on the colloidal stability of the hybrid NFs in dispersant. As
the particles are dispersed in a more acidic environment, the high number of positively charged ions causes the zeta potential to be
higher than +5 mV, whereas as the pH increases, the particles approaches a larger negative zeta potential value. Fes04 magnetites had
a larger zeta potential (—25 mV) value in comparison to pure Cuz(PO4)2 NPs and magnetic lipase/Cu3(PO4)2 hybrid NFs, ~ —16 mV.
This may be due to the interaction between amino groups on protein bound hybrid NFs which shifts the overall colloidal stability. The
point where the plot crosses the x-axis is known as the isoelectric point (zeta potential = 0 mV). The isoelectric point is normally the
most unstable point whereby, aggregation is highest causing particles to flocculate making the system lose its stability [36]. Therefore,
we can conclude that all systems are least stable at around pH 3-3.5 and increases in stability when pH is greater than 7.

3.3. Formation and bonding mechanism of magnetic Lipase/Cuz(PO4)2 hybrid NFs

In order to investigate the bonding and formation process of the hybrid NFs in extensive, the morphology of the samples syn-
thesized at different time intervals were conducted and observed. Fig. 8A-D shows the formation of magnetic lipase/Cu3(PO4) hybrid
NFs at different time intervals to investigate the formation and growth of nanostructures. The SEM images show that the nano-
structures have not fully developed at lesser growth periods (t = 1 min and 5 min). The architectures of the samples consist of
agglomerated lipase and under developed metal phosphate crystals. The nanoplate “petals” clearly did not have sufficient time to grow
and develop into a full bloom flower-like structure unlike at time, t = 7 min. At t = 7 min, the overall structure’s thickness and particle
size increased indicating the particle was growing. The particle size analysis was also conducted in order to analyzed the size increment
whereby, magnetic lipase/Cug(PO4)2 hybrid NFs were synthesized at different time intervals from time, t = 0 to t = 10 min +1 min.
Fig. 8E shows the particle size increment until the particle curve falls at time, t = 10 min, conforming that the particle does not grow
any further which aligns with the outcomes from previous study [18].

From the above results, the possible formation is proposed, as shown in Fig. 9. Firstly, Fe?*, cu®*, and phosphate “binding”
occurred in simultaneous to the “binding” between Cu?® ions and lipase [13,14,37,38]. Copper phosphate crystals and
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Fig. 5. Magnetic attraction between magnetic hybrid NFs and magnet: before (right) and after (left) (A); Hysteresis curve of magnetic lipase/
Cuz(POy4)2 hybrid NFs (B).
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Fig. 6. X-Ray diffractogram patterns: free lipase, Cuz(PO4), and magnetic lipase/Cuz(PO4), hybrid NFs.
lipase/Cu?*/Fe?* hybrid particles resulted as products from the above mechanism. The formation and growth of metal phosphate

crystals to form plate-like structures resulted from lipase being a precursor. Self-assembly between these plate structures finally
resulted in the formation of well-designed magnetic lipase/Cuz(PO4)2 hybrid NF structure.
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3.4. Controlled integration of magnetic Lipase/Cuz(PO4)2 hybrid NFs

In order to study the effect of adding lipase on the morphology and distribution of hybrid NFs, different initial concentrations of
lipase were added during synthesis. The lipase concentration that was used ranged between 0.1 and 0.5 mg mL™". Increasing the
concentration from 0.1 to 0.3 mg mL~! showed that the nanoplates were able to stack well and form a beautiful flower-like hybrid NF
structure. The plates also had sharp prominent edges and a uniform architecture between each particle in comparison to the 0.1 mg
mL ™! lipase concentration, as shown in Fig. 10A and B. This may be due to the lack of precursors for the crystals to be able to grow and
fully develop. A further increase in lipase concentration to 0.5 mg mL ™!, the structure became more agglomerated and lacklustre as the
edges of the hybrid NFs lost its flower-like architecture and looked like a non-uniform crystalline structure as shown in Fig. 10C. This is
because the lipase acted as a surface inhibitor in the formation of metal phosphate crystals and soon after, the stacking and
arrangement of nanoplates leading to the flower-like structure [14].

3.5. Immobilization yield study of magnetic Lipase/Cug(PO4)2 hybrid NFs

The immobilization yield of magnetic lipase/Cug(PO4)2 hybrid NFs have shown to vary across different operating conditions as
shown in Table 1. The immobilization yield was calculated to be 97.8% with an actual enzyme loading of 0.293 mg mL™! under
standard operating conditions.

Fig. 11 shows the trend of immobilization yield across samples 1 to 19. The average yield across all 19 samples were calculated to be
85.4%. From the results obtained, as temperature increases, the yield increases which then eventually drops. The initial increase in
yield is due to the increase in enzyme molecule vibrations due to higher kinetic energy [39], however, as the temperature was further
increased > 40 ° C, the yield drops as the extreme temperatures may have limited the kinetic activity of lipase.

As for the effect of varying concentrations of lipase, at lower concentrations, (0.1-0.2 mg mL™!) the yield is also considerably lower
because there is essentially lesser lipase to act at precursors for immobilization to occur as seen from the yields of sample 6 and 7
(25.3% and 62.2%) respectively. The lipase concentration of 0.3 mg mL~! showed the highest immobilization yield (97.8%) mean-
while dropping consistently as the concentration was further increased to 0.5 mg mL ™. This may be due to the higher concentrations
of lipase that causes the lipase molecules to agglomerate and reduce enzyme-enzyme interactions interrupting the coordination be-
tween the lipase and inorganic ions.

The effect of acidic and alkaline environment on the immobilization yield varied. Between acidic (pH 3 and 5) and alkaline
environment (pH 9 and 11) the immobilization yield study showed a lesser yield compared to pH 7.2. The variation in presence of
cations, H+ in acidic conditions and anions, OH- in alkaline conditions may have played a role in the differing yields. In a previous
study by Arana-Pena et al. (2020), it was found that phosphate anions negatively impacted the immobilization yield and enzyme
stability [40]. Therefore, it can be suggested that, at lower pH, with higher H+ ions, ionic bonding neutralized the presence of
phosphate anions which resulted in a higher enzyme immobilization yield compared to in an alkaline environment.

Finally, the effect of duration of synthesis on the immobilization yield showed that as the time increased, yield increased. Further
increase in the duration (>8 min) showed a smaller yield as seen from sample 18 and 19 (73% and 73.9%) respectively. It can be
suggested that the immobilization of lipase was complete at t = 7 min and a further increase in time did not promote for a higher
immobilization yield. Sonication produces gas bubbles which collapses through a process called cavitation resulting in the formation of
He@ and OH@ free radicals. Therefore, these free radicals can undergo further reactions (oxidation, cross-linking, cleavage reactions)
that ultimately decreases protein stability leading to aggregates [41].
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Fig. 8. SEM images of magnetic lipase/Cuz(PO4)2 hybrid NFs under different growing time; 1 min (A); 5 min (B-C); 7 min (D); Particle size
increment analysis (E).

3.6. Enzyme activity of magnetic Lipase/Cu3(PO4)2 hybrid NFs

The enzyme activity of magnetic lipase/Cuz(POy4); hybrid NFs were found to be 1511 + 44 U g~ with an 89% enhancement in
comparison to free lipase (166 = 3 U g~ %) [17] under standard operating conditions. Fig. 12 shows the progress curves of magnetic
lipase/Cug(PO4)2 hybrid NFs and free lipase. The enhanced catalytic activity may have been due to better 3D surface area-to-volume
ratio of the magnetic lipase/Cus(PO4)2 hybrid NFs as well as the synergistic effect between the lipase and inorganic component [14].
Over the years, it was found that the catalytic activity of immobilized lipase has been carefully progressing through various methods
and works. For instance one study showed that, lipase immobilized onto calcium phosphate had an activity of 849.8 U g1 [24],
whereas another study showed that lipase immobilized onto copper phosphate had an activity of 874.5 U g1 [42] meanwhile Ren
et al. (2019) showed that magnetic lipase/Cuz(POy4); NFs only had an activity of 92.63 U g ™! [29]. A more recent study showed that
lipase immobilized using the co-precipitation method onto magnetic NPs had an enhancement of 189.6% [16]. Having said that, the
advantage of the method proposed in this study is that, it requires a short synthesis duration and is a far greener method as it does not
require any toxic solvents and/or consume high operational energy.

In order to study the effect of varying operating conditions on the relative catalytic activity of magnetic lipase/Cu3(PO4)2 hybrid
NFs, the effect of temperature and pH were conducted. The effect of temperature was conducted in the range of 30-50 ° C with an
increment of 10 ° C while maintaining all other parameters constant. The trend lines are shown in Fig. 13A, whereby, it can be seen that
as temperatures increased, the overall catalytic activity decreased. This is due to the denaturation of the active sites on enzymes which
reduces its ability to carry out catalytic reactions. Nonetheless, the immobilized enzymes had an overall higher activity than free
enzymes, whereby, after heating for 6 h at 50 ° C, the residual activity of magnetic lipase/Cuz(PO4)2 hybrid NFs were 43.3% which
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Table 1

Varying conditions during synthesis of magnetic lipase/Cu3(PO4), hybrid NFs.

Heliyon 10 (2024) e27348

Sample no. Temperature (° C) Concentration of lipase (mg mL’l) pH Time (mins)
1 30 0.3 7.2 7
2 35 0.3 7.2 7
3 40 0.3 7.2 7
4 45 0.3 7.2 7
5 50 0.3 7.2 7
6 30 0.1 7.2 7
7 30 0.2 7.2 7
8 30 0.4 7.2 7
9 30 0.5 7.2 7
10 30 0.3 3 7
11 30 0.3 5 7
12 30 0.3 9 7
13 30 0.3 11 7
14 30 0.3 7.2 1
15 30 0.3 7.2 5
16 30 0.3 7.2 6
17 30 0.3 7.2 8
18 30 0.3 7.2 9
19 30 0.3 7.2 10
100 — -
- P
80
i
I 6
=
&2
S 40
20
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Sample No.

Fig. 11. Trend between immobilization yield and various samples of magnetic lipase/Cu3(PO4), hybrid NFs.

resonates to 8.38 folds to that of free lipase.
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Fig. 12. Enzymatic evaluation of immobilized and free enzymes.

The effect of pH on the activity of free and immobilized lipase using olive oil substrate emulsions are shown in Fig. 13B. It was found
that, the immobilized enzymes were able to retain most of their catalytic activities across broad pH ranges, whereas the free lipase did
not. The ideal pH for both enzymes were pH 7.2. It is noteworthy that, in both cases, the enzymes had a higher relative activity in an
acidic environment than alkaline conditions. This is because, at lower pH, with higher H+ ions, the ionic bonding neutralized the
presence of phosphate anions resulting in a higher relative activity compared to when it was an alkaline environment. This reasoning
can be further justified as Arana-Pena et al. (2020) found phosphate anions negatively impacted the enzyme stability [40].

The storage and operational stability of magnetic lipase/Cu3(PO4)2 hybrid NFs is an important factor in determining the shelf life of
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Fig. 13. Effect of temperature (A) and pH (B) on magnetic lipase/Cus(PO4)2 hybrid NFs and free lipase; Storage stability of magnetic lipase/
Cu3(POy4), hybrid NFs and free lipase (C); Reusability of magnetic lipase/Cu3(PO4), hybrid NFs for hydrolysis of: olive oil substrate emulsion (D).

the magnetic lipase-incorporated hybrid NFs to act as biocatalysts. Therefore, the storage stability of immobilized and free lipase was
evaluated as shown in Fig. 13C. From the results obtained, it is notable that the overall storage stability of immobilized lipase is much
higher than free lipase. The free lipase lost roughly 82% of its initial activity after the 20-day period in comparison to the immobilized
enzyme which only lost 9.3% of its initial activity.

As for the reusability value of magnetic lipase/Cu3(PO4)2 hybrid NFs, it was found that after 5 cycles, the NFs were able to retain
about 60% of its initial activity and have successfully retained higher levels of its enzymatic activity and is deemed to have good
operational and recyclability value as shown in Fig. 13D. Another emulsion substrate of higher concentration was prepared and used
for comparison purpose whereby, the magnetic lipase/Cus(PO4), hybrid NFs were able to retain 58% of its initial activity after 5 cycles
as shown in Fig. 13D. Both results show this work produced an averagely high reusability value when compared to previous works that
showed 47.7% after 6 cycles [29] and 84% after 10 cycles [16]. This proves the immobilized lipase system can withstand greater
concentrations whilst maintaining good operational stability.

4. Conclusion

We have developed an ideal, efficient methodology for the synthesis of magnetic lipase/Cu3(PO4)2 hybrid NFs using the ultrafast
sonochemical method. The formation, bonding mechanism, and morphological control have been analytically explored. The
morphology of the magnetic lipase/Cus(PO4)» hybrid NFs can be altered and optimized by varying the growth time and through the
addition of lipase. A shorter growth time prevented the complete development of the NFs whereas, an increased lipase amount created
a surface inhibition between the precursors and metal phosphate crystals inhibiting the formation of a flower-like structure. The most
ideal conditions for the development of a flower-like structure is a growth time of 7 min and a lipase concentration of 0.3 mg mL ™ at
30 ° C, and a pH of 7.2. The overall properties of the magnetic lipase/Cuz(PO4)2 hybrid NFs are consistent with functional groups of
native lipases further proving the mechanistic formation between the inorganic and organic component. The immobilization yield of
magnetic lipase/Cu3(PO4)2 hybrid NFs were calculated to be 97.8%. The effect of varying conditions during synthesis showed the most
ideal conditions for the highest immobilization yield were 35 ° C, 0.3 mg mL™}, pH 7.2, and duration of 7 min. At time, t = 40 min, the
magnetic lipase/Cu3(PO4), had a specific enzyme activity of 1511 =+ 44 U g}, whereby the catalytic enhancement was 89%. Upon
studying the effect of temperature and pH, the most ideal conditions was found to be 30 ° C and pH 5 whereby the residual activity was
maintained above 80%. The magnetic lipase/Cu3(PO4)2 hybrid NFs showed excellent operational stability confirming its potential as a
biocatalyst in industrial applications. In future works, we intend to study its biocatalytic application to biologically degrade plastics.
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