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Abstract: The enhancement of enzyme activity has garnered significant attention in bio-
transformation processes and applications. This enhancement is achieved through the use
of specific nanomaterials (NMs) with unique physicochemical characteristics responsive
to external stimuli. In this study, an enzyme-Fe304 nano-biocatalytic system (NBS) was
developed to enable real-time activation of enzymatic catalysis under alternating magnetic
field (AMF) and near-infrared (NIR) irradiation using dual-functional Fe3;O4 magnetic
nanoparticles (MNPs). When exposed to an AME, Fe;O4 MNPs generate molecular vibra-
tions through mechanisms such as Néel or Brown relaxation while acting as a photothermal
agent in response to NIR irradiation. The synergistic effect of AMF and NIR irradiation
significantly enhanced energy transfer between the enzyme and Fe304 MNPs, resulting in
a maximum 4.3-fold increase in enzyme activity. Furthermore, the system reduced aldol
reaction time by 66% (from 4 h to 1.5 h) while achieving 90% product yield. Additionally,
factors such as nanoparticle size and NIR power were found to play a critical role in the
efficiency of this real-time regulation strategy. The results also demonstrate that the enzyme-
Fe;04 nanocomposites (NCs) significantly enhanced catalytic efficiency and reduced the
reaction time for aldol reactions. This study demonstrates an efficient NBS controlled
via the synergistic effects of AMF and NIR irradiation, enabling spatiotemporal control
of biochemical reactions. This work also provides a breakthrough strategy for dynamic
biocatalysis, with potential applications in industrial biomanufacturing, on-demand drug
synthesis, and precision nanomedicine.

Keywords: enzyme immobilization; acyl aminopeptidase; Fe;O4 magnetic nanoparticles;
near-infrared photothermal regulation; spatiotemporal biocatalysis

1. Introduction

Enzymes are considered to be efficient macromolecular biological catalysts that play
an important role in cellular metabolism and chemical reaction. Their essential advantages
are high catalytic efficiency, substrate specificity, minimal formation of byproducts, and low
energy consumption [1,2]. Regulation of enzyme activity is crucial for making biocatalysts
exert preferable properties in many applications. Therefore, significant efforts have been
directed toward developing diverse enzyme activity regulation strategies such as enzyme
molecule modification or alteration of the reaction environment (e.g., pH, temperature, and
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ionic strength). However, these traditional regulation strategies may lead to uncontrollable
and irreversible inactivity of enzymes and require complex and long-term processes [3,4].

Recently, real-time and remote activation of enzyme activity, containing NIR, AMF,
microwave, and ultrasound irradiation [5], has been an emerging strategy (photothermal ef-
fect) to achieve biotransformation function due to its high efficiency, deep penetrability, and
sustainability [6]. Localized surface plasmon resonance (LSPR) has emerged as a promis-
ing strategy to enhance the enzyme-like activity of nanozymes in catalytic reactions [7].
Specifically, NIR activation facilitates the transfer of internal energy (photothermal effect)
from plasmonic NMs to immobilized enzymes, thereby enabling remote control of enzyme
activity [8]. It is also well known that inorganic nanoparticles (NPs) can be activated as
hotspots by an AMF as extrinsic energy sources and thus act as nanoactuators to enhance
enzymatic catalysis [9]. Microwave and ultrasound irradiation can regulate some specific
enzymes to alter enzymatic structure into favorable and flexible conformation, which
increases the stability, selectivity, or kinetics of enzymes [6]. Therefore, these real-time
activation strategies can make it possible to achieve the precise and spatiotemporal control
of biocatalytic processes, which have been applied in many fields, including chemical
synthesis, industrial manufacture, and disease therapy. For example, Zhang et al. [10]
constructed oxygen vacancy molybdenum trioxide nanodots (MoO3_4NDs) which can
possess triple-therapy synergistic efficiency for bacterial infections based on the single NIR-
regulated combination of photodynamic, photothermal, and peroxidase-like enzymatic
activities [6]. Wang et al. [11] immobilized glucose oxidase (GOy) onto a ferrimagnetic vor-
tex iron oxide nanoring (Fe;O4 NR) functionalized with poly (ethylene glycol) of different
molecular weights to construct a series of FesO4 NR@GOy, which can be stimulated by
Fe304 NR-mediated local heat in response to an AMF. Additionally, many studies have
shown interest in promoting enzymatic reactions combined with microwaves or ultrasound
to improve chemical synthesis [6,12,13].

NMs with unique energy-absorbing and physical characteristics have become a sig-
nificant media for real-time and precise activation strategies for enzyme activity. The
mechanism of NMs for controlling enzyme activity upon external stimuli relies on their
ability to transfer absorbed energy into internal energy, including generating thermal effect
and improving molecular diffusion and stability, which can fulfill high efficiency and
controllability of real-time activation. For instance, many plasmatic nanoparticles with
excellent light absorption and efficient photothermal conversion, such as Au, Pt, CdS, TiO,,
and graphene oxide, can convert NIR light into heat or transfer electrons to achieve the
activation of enzymes [14-16]. In a previous study, a NIR-activated enzyme, Au NBS,
was constructed, which demonstrated that the activity of thermophilic enzymes can be
stimulated efficiently by the excellent photothermal effect of Au nanorods under NIR
irradiation [17]. Furthermore, magnetic nanoparticles (MNPs) that are responsive to an
AMF have drawn considerable interest in enzyme immobilization due to their ability to
control the activity of enzymes upon AMF irradiation [18]. With proper surface modifi-
cation, these magnetic nanoparticles can be dispersed into water, forming water-based
suspensions, which can interact with an external magnetic field. Amongst these NMs,
Fe;04 magnetic nanoparticles possess a high specific surface area, low toxicity, and good
biocompatibility. It is simple to separate them and easy to modify them, and they have
been widely used in drug delivery in tumor cells, magnetic resonance imaging (MRI), and
magnetothermal therapy [19]. Interestingly, Fe304 magnetic nanoparticles not only can
produce molecular vibrations by affecting the magnetic moment arrangement but can also
generate a photothermal effect upon NIR irradiation [20,21]. Concas et al. reported y-Fe, O3
nanospheres decorated with gold nanoparticles on the surface to be efficient magnetother-
mal and photothermal agents, a type of magnetic vortex. These NMs can significantly
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increase local temperature, induce tumor cell apoptosis, and cause massive denaturation
of collagen fibers when exposed to near-infrared laser (808 nm) and alternating magnetic
field (AMF) irradiation [22]. Therefore, it is proposed that enzymes can be activated by
the synergistic effect of AMF and NIR irradiation with the help of dual-functional Fe3Oy
MNPs, which may lead to greater enhancement of enzyme activity. However, the subject of
controlling the activity of enzymes immobilized on Fe3O4 nanoparticles under AMF and
NIR irradiation remains largely underexplored.

The aim of this study was to investigate the synergistic effects of combining AMF
with NIR irradiation on enhancing the activity of enzyme—-Fe30O4 nanocomposites. Three
acyl aminopeptidases (EC 3.4.19.1) from different sources were chosen as model enzymes:
mesophilic BSU32203 from Bacillus subtilis 168 (optimal temperature: 55 °C), thermophilic
ST0779 from Sulfolobus tokodaii (optimal temperature: 70 °C), and hyperthermophile
APE1547 from Aeropyrum pernix K1 (optimal temperature: 90 °C) [23,24]. The aldehyde-
tagged enzymes were covalently linked to amino-modified Fe3;O4 magnetic nanoparticles
through site-specific immobilization, as previously reported. A comparison of the impact
of different activation strategies on enzyme activity, including exposure to AMF or NIR irra-
diation exclusively or to both stimuli, was conducted, as shown in Scheme 1B, to optimize
the strategy systematically. Moreover, the application of NBS to catalyze aldol reaction
was explored; this is one of the most important carbon—-carbon bond-forming reactions in
industrial applications. This study provides a new method for real-time and synergistic
activation of enzyme activity by combining AMF and NIR irradiation.
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Scheme 1. Schematic diagram of (A) covalent conjugation of aldehyde-tagged acyl aminopeptidases
(BSU32203, ST0779, APE1547) to amino-functionalized Fe3O, MNPs (200-300 nm) via Schiff base
reaction (the structures of APE1547, ST0779, and BSU32203 were all modeled by SWISS-MODEL).
(B) The regulation process of enzyme-Fe304 NC under AMF and NIR.
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2. Results and Discussion
2.1. Activation of Enzyme—Fe3Oy4 NC Under AMF and NIR

The three kinds of recombinant enzymes with aldehyde tags at the C-terminal have
been constructed successfully in previous work [25]. For enzyme immobilization, a Schiff
reaction occurs when Fe;O4 magnetic nanoparticles modified with amino group are mixed
with aldehyde-tag enzymes. This covalently site-specific immobilization ensures uniform
distribution of the proteins and accessibility of the active center [25]. In our previous
work, we determined the immobilization efficiency of ST0779 on Fe304 nanoparticles to
be 84.6% [25]. The thermal conversion efficiency of enzyme-Fe3;O4 NC was measured
under an AMF of 10 kHz and 16 G or exposure to 808 nm NIR laser irradiation at different
power levels (1-2.5 W), as shown in Figure 1A. This reveals that the AMF stimulation
cannot influence the temperature of the reaction system, which is probably because the
magnetothermal effect of Fe3Oy is generally dependent on the frequency and intensity of
the AMF. Many studies have shown that higher magnetic frequency and intensity, such
as 345 kHz and 300 G, enabled magnetic particles to generate heat due to Neel or Brown
relaxation loss [26], whereas magnetic particles oscillated and behaved like microscopic
stirrers at a lower magnetic frequency and intensity, such as 600 Hz and 10 G [27]. However,
there is still no definite division of the low- or high-frequency and intensity range. The
thermal conversion efficiency results indicate that Fe304 MNPs functioned as microscopic
stirrers under a magnetic field of 10 kHz and 16 G. Moreover, by adjusting the laser power
of the NIR irradiation, the temperature can be maintained within the range of 2545 °C,
which exhibited the good photothermal conversion of Fe3O4 magnetic nanoparticles.
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Figure 1. Thermal conversion and enzymatic activity enhancement of Fe3O4 nanocomposites under
AMEF and NIR. (A) Heat generation of Fe304 MNPs at different NIR powers (808 nm, 1-2.5 W) or AMF
(10 kHz, 16 G). Evaluation of enzyme activity under different regulation strategies, including AMF,
NIR, or both. (B) BSU-Fe304 nanocomposite, (C) ST0779-Fe304 nanocomposite, and (D) APE1547-
Fe304 nanocomposite.

To explore the effect of different activation strategies on enzyme activity at room
temperature, the activity of enzyme-Fe;O4 nanocomposites was measured using the sub-
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strate p-nitrophenyl butyrate (pNPC4). When exposed to external stimuli, the activities of
three immobilization enzymes were higher than those without any activation in different
degrees, as shown in Figure 1B-D. As for AMF activation, enzyme activity can be increased
slightly at 1.1-2-fold, compared to NIR activation, which increased enzyme activity by
1.3-2.8-fold. This result demonstrates that the photothermal effect was the main reason for
the improvement in enzyme activity, which also confirmed the previous assumption that
Fe30y4 performed like microscopic stirrers under AMF irradiation to accelerate collisions be-
tween a substrate and enzyme rather than producing a magnetothermal effect. Importantly,
the maximum activity was observed when AMF and NIR irradiation were used simultane-
ously; in this case, the catalytic activity increased by 1.8—4.3-fold compared with the control
group without any treatment. The results demonstrate that enzyme catalysis was greatly
improved by the synergistic effect between AMF and NIR irradiation. This synergistic
effect allows a rapid transfer from external stimuli to enzyme molecules, thereby increasing
the activity of the enzyme. Notably, the activity of the thermophilic ST0779-Fe304 NC was
more significantly enhanced under AMF, NIR, or combined stimulation compared to the
other two nanocomposites. This indicated that the effect of this strategy on enzymes from
different sources is different even for the same type of enzymes, while the energy generated
by photothermal effect and microscopic vibration cannot efficiently activate BSU-Fe;04
nanocomposite and APE1547-Fe;04 nanocomposite, which might be because the different
enzymatic conformations affected the energy transfer efficiency between Fe;O4 MNPs
and enzymes. Based on its enhanced enzyme activity, the ST0779-Fe30O4 nanocomposite
was chosen as a model enzyme for further investigation. To observe the effect of NIR
power on enzyme activity directly, the experiment of measuring the activity of ST0779-
Fe304 nanocomposite under AMF and NIR irradiation with different powers of the laser
was carried out. The result indicates that the change of activity was power-dependent or
temperature-dependent, as shown in Figure 2. NIR irradiation performed like a heating
switch which could control the temperature of the reaction system in real time and activate
the reaction rapidly. This result confirms that better photothermal conversion of Fe304
MNPs can lead to efficient energy transfer to enzymes. Instead, once the NIR irradiation
was removed, the reaction process catalyzed by thermophilic enzymes was terminated
due to the reduced temperature, achieving the controllable and real-time activation of
enzyme activity.
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Figure 2. Detection of enzymatic activity of ST0779-Fe304 nanocomposite upon different NIR powers.
The fitting lines figure indicates the temperature change with power.
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2.2. The Effect of Different Sizes of Fe3O4 on Enzyme Activity

The dimension and morphology of nanoparticles are also very important, accounting
for their physicochemical characteristics and biomedical and biological applications [28-30].
Like other nanoparticles, the size of MNPs affects their magnetic and biological properties,
such as biodistribution, transportation, and toxicity, which are closely associated with the
synthesis size, methodology, and surface characteristics [31]. To investigate the effect of dif-
ferent dimensions of MNPs on enzyme activity, ST0779 was immobilized on different sizes
of Fe304 MNPs (100-200 nm, 200-300 nm, 300-400 nm), and their activity under different
regulation strategies was also measured (Figure 3). The immobilization enzyme without
regulation at each size range was chosen as the control, and the relative activity was defined
as 100%. The result shows that enzymes immobilized on 200-300 nm Fe304 MNPs exerted
a higher activity upon the AMF, NIR, or synergistic effect than those of 100-200 nm and
300—400 nm when compared to their respective control groups. This indicated that Fe;O4
MNPs with a size range of 200-300 nm exhibited a better capacity to respond to external
stimuli, especially an AMF that could accelerate the molecular motion of Fe304 MNPs
to promote contact between enzymes and the substrate. Therefore, the exhibited unique
size-dependent property of Fe;O4 MNPs was important for physicochemical characteristics,
affecting the activity of immobilized enzymes under AMF and NIR irradiation.
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Figure 3. Relative enzymatic activity of ST0779-Fe3O4 nanocomposites immobilized on MNPs of
different sizes: 100-200 nm, 200-300 nm, and 300400 nm. Activity was measured under AMF
(10 kHz, 16 G), NIR (2.5 W), or both.

2.3. Evaluation of Storage Stability and Reusability of ST0779-Fe304 Nanocomposites

The storage stability of enzymes is an important factor for many applications, includ-
ing industrial processing and chemical synthesis. We evaluated the storage stability of
immobilized enzymes at 4 °C over seven days. Notably, the enzymatic activity remained
at a higher level after 7 days, which exhibited excellent stability of immobilized enzymes,
as shown in Figure 4A. The recycling of immobilized enzymes is one of the advantages of
immobilized enzymes. Thus, we evaluated the recycling numbers of the enzyme—Fe;O4
nanosystems after being exposed to AMF (10 kHz, 13 G) and NIR (2.5 W) irradiation. After
each reaction cycle, the immobilized enzymes in the solution were separated through a
magnet and reused for repeated catalysis reactions. It was found that the activity of the
immobilized enzyme could maintain higher activity after four recycles, which exhibited
potential value for industrial application, as seen in Figure 4B. Furthermore, the main
reason why enzyme activity decreased after five cycles is due to the physical adsorption of
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MNPs during the recycling processes. Therefore, an appropriate immobilization method
can improve stability and ensure the long-term utilization of enzymes.
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Figure 4. Stability and reusability of ST0779-Fe3O4 nanocomposites. (A) Evaluation of long-term
stability of ST0779-Fe3O4 nanocomposite after 7 days of incubation at 4 °C. (B) The number of
recycled immobilized enzymes.

2.4. Catalysis of ST0779-Fe304 Nanocomposites for Aldol Reaction

Aldol addition is one of the most useful methods for the construction of new carbon-
carbon bond formation in organic synthesis, attracting considerable interest in various
applications over the years, including the synthesis of pharmaceuticals, fine chemicals, and
natural products [32-34]. ST0779 has been identified as promiscuously catalyzing the addi-
tion reaction of acetone to p-nitrobenzaldehyde in our previous study [23]. Here, we used
this real-time activation strategy to estimate the promiscuous catalysis of enzyme-Fe3;O4
NC, as observed in Scheme 2. The productivity of the aldol reaction was detected by HPLC
with isopropanol/n-hexane as the mobile phase. The results show that the yield of the aldol
reaction catalyzed by ST0779-Fe3O4 nanocomposites reached 90% in 4 h under conventional
heating, whereas when exposed to AMF and NIR irradiation, ST0779-Fe304 nanocompos-
ites, remarkably, achieved higher productivity in 1.5 h, which improved catalytic efficiency
in a short time, as shown in Figure 5. The enhanced reaction rate under AMF/NIR irradia-
tion stems from rapid energy transfer between Fe3O, nanoparticles and enzymes, enabling
real-time catalytic activation. Unlike traditional heating, which elevates bulk tempera-
ture and risks side reactions, AMF/NIR selectively heats the Fe;0, microenvironment,
minimizing thermal degradation and improving specificity while accelerating catalysis.

CHO o o

(o]
NO, 2

Scheme 2. Schematic illustration of enzyme-catalyzed aldol reaction under AMF and NIR.
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Figure 5. The comparison of productivity of aldol reaction catalyzed by ST0779-Fe30O, nanocompos-
ites under AMF and NIR or under conventional heating at 55 °C.

Moreover, many studies have reported that several enzyme—-Fe3O4 nanocomposites
activated by an AMF individually can be applied in many fields. For instance, Xia et al. con-
structed a fixed-bed reactor by immobilizing laccase on polyethyleneimine (PEI)-modified
amine-functionalized Fe30O4 nanoparticles, which achieved the continuous degradation of
phenolic compounds under a high-gradient magnetic field [5,35]. Zhou et al. studied natu-
ral glucose oxidase (GOx) and superparamagnetic Fe304 nanoparticles that were integrated
into poly(lactic-co-glycolic acid) (PLGA) to fabricate a sequential nanocatalyst (designated
as GOx@PLGAFe30y), which can be modulated in activity by an AMF [36]. This work
confirmed that the synergistic effect of AMF and NIR irradiation can activate the activity of
enzymes in real time effectively and can probably be used in extensive applications such as
chemical synthesis, biodegradation, and tumor therapies.

3. Materials and Methods
3.1. Materials and Chemicals

The acyl aminopeptidase ST0779 was cloned from thermophilic archaea Sulfolobus
tokodaii strain T7 [23], APE1547 was cloned from Aeropyrum pernix strain K1, and BSU32203
was cloned from Bacillus subtilis 168 (all cells of strain 7 T JCM 10545 were obtained
from Biological Resource Center, National Institute of Technology and Evaluation, Tokyo,
Japan) [24]. The Fe3O4 magnetite nanoparticles of different sizes (100-200 nm, 200-300 nm,
300-400 nm) modified with amino groups were purchased from Beisile (Tianjin, China).
Isopropyl B-D-thiogalactopyranoside (IPTG) and sodium borohydride (NaBH4) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). L-arabinose was obtained from the
Aladdin Company (Shanghai, China). Ampicillin and kanamycin were purchased from
Takara Biotechnology (Kusatsu, Shiga, Japan,). The pET-28a-derived plasmids with target
proteins were constructed in the laboratory, and the pBAD-Mtb-FGE plasmid was obtained
from a nonprofit plasmid repository (AddGene, Cambridge, MA, USA) [37].

3.2. Expression of Recombinant Proteins

The recombinant proteins with aldehyde tags were all expressed in E. coli BL21 (DE3)
cells with the pBAD-Mtb-FGE plasmid and incubated in LB media with ampicillin and
kanamycin. Then, they were shaken at the speed of 170 rpm and the temperature of
37 °C up to an optical density at 600 nm (OD600) up to 0.8. Then, 0.2% L-arabinose was
added to induce the expression of formylglycine-generating enzyme (FGE), which can
specifically oxidize cysteine or serine residues in proteins, generating formylglycine (FGly)
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that contains an aldehyde group [37]. After incubation at 37 °C for 30 min, 0.5 mM of
isopropyl 3-D-thiogalactoside (IPTG) was added to induce the expression of recombinant
enzymes. Then, the cells were incubated at 25 °C for 12 h.

The induced bacteria were harvested via centrifugation at 4000 rpm for 30 min at
4 °C. Afterward, the cells of ST0779, BSU32203, and APE1547 were resuspended with
10 volumes of 50 mM Tris-HCl buffer (pH 8.0) [37]. The cells were treated by ultrasound
fragmentation until the solution was no longer viscous, and the solution was centrifuged
at 10,000 rpm at 4 °C for 20 min to obtain the supernatants with target enzymes. Then,
the supernatants with ST0779, as well as APE1547, were purified by thermal treatment to
remove the contaminated protein [37]. The discarded, deformed protein was precipitated
by centrifugation at 10,000 rpm for 20 min at 4 °C, retaining the supernatants.

3.3. Immobilization of Enzyme

First, the Fe3O,4 nanoparticle suspension was washed five times with deionized water
and then resuspended by Tris-HCl buffer (pH 8.0). Before immobilization, nanoparticles
were well dispersed by ultrasonication. Then, 3 mg of Fe304 nanoparticles were mixed
with an appropriate amount of enzyme solution, shaken at 10 °C for 6 h, and reduced with
1% (w/w) NaBHj for 1 h. The immobilized enzymes were washed twice with NaCl solution
(1 mol/L) and separately with deionized water [25].

3.4. Enzyme Assay

The activity of each kind of immobilized enzyme was tested by the hydrolysis of
p-Nitrophenyl butyrate at room temperature [37]. The reaction system used 1 mL, con-
sisting of 1 mM of substrate and 3 mg of immobilized enzyme in the Tris-HCI buffer
(50 mM, pH 8.0). After reacting for 1 min, the p-nitrophenol product was quantified
spectrophotometrically at 420 nm.

As for different regulation strategies, a custom-built setup consisting of a signal
generator and a power amplifier was used to generate alternating magnetic field and NIR
laser irradiation. The magnetic frequency and intensity were fixed at 10 kHz and 6.5 G, and
NIR power was controlled at 1-2.5 W at 808 nm for regulation. The thermal response of the
enzyme-Fe;04 NC was measured as follows: aqueous dispersions of the NC were irradiated
under the respective stimuli, and the temperature of the system was monitored using a
non-contact infrared thermometer until thermal equilibrium was achieved. This protocol
ensured real-time tracking of localized heating effects mediated by Fe3O4 nanoparticles.
The substrate concentration and measurement methods were the same as those used for
immobilized enzymes. After pretreating the mixture with AMF and NIR irradiation for
10 min to stabilize the temperature and reaction conditions, the substrates were added to
start the reaction, in which a continuous regulating function was applied to the whole
process. The reaction vessel was placed in the central core of a Faraday coil to accept the
AMEF, while the laser emitter was immobilized on an iron support stand to illuminate the
reaction vessel vertically [17]. The distance between the NIR emitter and the reaction vessel
was about 10 cm.

3.5. Examination of Different Sizes of Fe30y4

The size of Fe3O4 magnetic particles was divided into three gradients ranging from
100 to 200 nm, 200 to 300 nm, and 300 to 400 nm. The same amount of acyl aminopeptidase
ST0779 was separately immobilized on 3 mg of Fe;O4 nanoparticles with different sizes
using the same method mentioned before. Meanwhile, the activity of immobilized enzymes
under AMF and NIR irradiation was detected as mentioned above.
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3.6. Evaluation of Long-Term Stability and Recycling

To detect the stability of the immobilized enzyme, the prepared sample solution was
incubated at 4 °C for 7 days. A certain amount of immobilized enzyme was removed for
daily activity measurement.

To determine the recycling of Fe304-ST0779, the immobilized enzymes were harvested
after each reaction and washed twice with Tris-HCl buffer (pH 8.0) before being utilized in
the next cycle. The reusability of the Fe304-ST0779 enzyme was evaluated by measuring the
relative hydrolyzing activity. The initial activity of the immobilized enzyme was defined
as 100%.

3.7. Catalysis of Aldol Reaction

The aldol reaction was conducted by using 4-nitrobenzaldehyde and acetone as sub-
strates in a mixture containing 4 mL of acetone and 0.03 mM of 4-nitrobenzaldehyde
with 1 mL of deionized water. For the control group without regulation, the reaction was
initiated by addition of the enzyme at a concentration of 0.032 pM at 55 °C for 4 h, as
previously reported. For the immobilized enzyme, the mixture solution was preheated
under AMF and NIR irradiation for 10 min before adding 4-nitrobenzaldehyde. Pooled
extracts were dried using anhydrous Na;SO4 to remove the solvent under reduced pressure.
The quantality of products was analyzed by high-performance liquid chromatography
(HPLC) with isopropanol/n-hexane, as previously reported [37].

3.8. Statistical Analysis

All experiments were performed in triplicate, and data are presented as means. Sta-
tistical significance between experimental groups (e.g., enzyme activity under AMF/NIR
irradiation vs. control or effects of nanoparticle sizes) was evaluated using one-way analy-
sis of variance (ANOVA) followed by Tukey’s post hoc test for multiple comparisons. For
pairwise comparisons (e.g., activity enhancement before and after regulation), a two-tailed
Student’s t-test was applied. A p-value of <0.05 was considered statistically significant.
Data normality and homogeneity of variances were verified using Shapiro-Wilk testing
and Levene’s test, respectively. All statistical analyses were conducted using GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA).

4. Conclusions

In summary, we constructed a real-time activatable enzyme-Fe3O4 nanosystem lever-
aging the dual functionality of Fe304 MNPs under AMF and NIR irradiation. Key findings
include the following: (1) the synergistic AMF/NIR stimulation enhanced enzymatic activ-
ity by up to 4.3-fold through rapid energy transfer, where Fe3O4 MNDPs served triply as an
immobilization matrix, a microscale stirrer to accelerate mass transfer, and a photothermal
nanoheater. (2) Thermophilic ST0779 exhibited exceptional activation, enabling efficient
catalysis at ambient temperatures, while the 200-300 nm MNPs demonstrated optimal
responsiveness due to enhanced enzyme-substrate collision dynamics. (3) This strategy
reduced aldol reaction time by 66% (1.5 h) with 90% yield, highlighting its potential in
chemical synthesis and precision biocatalysis. These results underscore the promise of
AMEF/NIR-responsive nanosystems for applications spanning industrial biomanufacturing,
on-demand drug synthesis, and therapeutic nanocarriers, though scalability and long-term
stability under operational conditions require further validation. Future studies should
expand to diverse enzyme classes, optimize nanoparticle design for broader stimuli re-
sponsiveness, and integrate multi-modal regulation strategies (e.g., pH, redox) to advance
real-time biocatalysis. Furthermore, we will aim to further investigate and compare the
effects of different fixation methods to optimize this system. These efforts will bridge
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the gap between laboratory-scale innovation and practical applications in on-demand
biomanufacturing, precision nanomedicine, and sustainable chemical synthesis.
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