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a b s t r a c t

Dynamic manipulation of enzymatic activity is a challenging task for applications in chemical and phar-

maceutical industries due to the difficult modification and variable conformation of various enzymes.

Here, we report a new strategy for reversible dynamic modulation of enzymatic activity by near-infrared

light-induced photothermal conversion based on polyphenol-functionalized liquid metal nanodroplets

(LM). The metal-phenolic nanocoating not only provides colloidal stability of LM nanodroplets but also

generates nanointerfaces for the assembly of various enzymes on the LM nanodroplets. Upon near in-

frared (NIR) irradiation, the localized microenvironmental heating through photothermal effect of the LM

nanodroplets allows tailoring the enzymatic activity without affecting the bulk temperature. A library of

functional enzymes, including proteinase K, glucoamylase, glucose oxidase, and Bst DNA polymerase, is

integrated to perform a reversible control and enhanced activities even after five times of cycles, demon-

strating great potential in bacterial fermentation, bacteriostasis, and target gene amplification.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The precise control of enzymatic activities remotely and spa-

tiotemporally by using an external stimulus is highly desirable in

a wide range of enzymatic-based chemical and biological applica-

tions [1–6]. The photo-regulation of enzymatic activity evolves as

promising alternatives for enzyme modulation during the indus-

trial manufacturing and biological processes owing to its unique

advantages of noninvasiveness and spatiotemporal specificity

[7–12]. However, for the lack of natural photocatalytic ability of

enzyme that can harness light-energy for industrial manufactur-

ing, a hybrid system has been engineered that integrates the cat-

alytic capabilities of enzymes with external photochemical and

light-responsive molecules, especially for the near infrared (NIR)

light, which often needs to balance the competing interests of

improving enzymatic activity and maintaining well-defined three-

dimensional protein structures [13–15]. Apart from these organic

molecules, metal nanoparticles as typical inorganic materials, be-

cause of inherently efficient photothermal effect for NIR light, have
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also been broadly exploited for repeated manipulation of enzy-

matic activity, which usually immobilizes enzymes on the sur-

faces of metal nanoparticles, allowing for local heating through this

metal nanoparticle-associated photothermal effect upon NIR irra-

diation [16–19]. Inevitably, to immobilize the biocatalyst on these

inorganic “rigid” supporting materials, the introduction of covalent

bonds on the surface-functionalized inorganic nanoparticles is nec-

essary, which however, mostly causes the deformation of enzymes

and leads to the dramatic decrease of enzymatic activities.

In contrast to these “rigid” solid metal nanomaterials, the

droplets of liquid metal (LM) show outstanding photochemical

and photothermal conversion properties. Its applications in diverse

functional systems ranging from soft electronics to photothermal

therapy (PTT) of tumor have been expanded [20,21]. This is mainly

attributed to the collective electron oscillations on its surface that

can be utilized to efficiently convert optical energy to thermal en-

ergy under various wavelength of light and easily adjustable size

[21]. While its large surface tension (624 mN/m), oxide shells,

and poor compatibility with most other materials prevent uni-

form dispersion of LM droplets and hybridization into compos-

ites, except the application of external interventions (e.g., shear

https://doi.org/10.1016/j.cclet.2022.107795
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Fig. 1. Preparation of PFLM-E and schematic diagram of PFLM-E activity modulation

by NIR light. (a-c) Illustration depicts the synthesis of PFLM-E. (d) The accelerated

bacterial fermentation, enzyme cascade reaction, and target gene amplification by

manipulating activity of PFLM-E using NIR light.

and laser) [22–24]. Recently, the nature of stabilizing molecules

for LM dispersions provides functional coatings to change the sur-

face chemistry of LM droplets and generate stable colloidal LM

nanodroplets [25–28]. For accessing new surface functionalization,

polyphenols, sustainable biomass abundant in nature, are ideal

substrate-independent candidates for their rich galloyl or cate-

chol groups, that display non-substrate-specific by high binding

affinity (diverse covalent and/or noncovalent interactions) [29–32].

Meanwhile, the traditional tanning chemistry of leather indicates

that these galloyl or catechol groups of polyphenols can facilitate

noninterfering interactions (such as hydrogen bond) with proteins

without irreversible destructions in the conformation of protein

molecules [33].

Here, we reported a polyphenol-functionalized LM nanodroplet

(PFLM) integrated with a range of functional enzymes (PFLM-E)

that enable the dynamic manipulation of their catalytic activities

by NIR light. The galloyl or catechol groups of polyphenols pro-

vide stabilization on the LM into nanodroplets by the coordination

with metal ions of LM surface. Moreover, different enzymes can

be integrated on the surfaces of PFLM nanodroplets through the

noninterfering interactions of polyphenols. Upon NIR irradiation,

local heating through photothermal effect of the LM nanodroplets

from PFLM-E allows a precise control of the enzymatic activities

without affecting the bulk temperature. The enzymatic activity was

significantly enhanced to 4.4-fold during NIR irradiation, and fur-

ther tunable by varying irradiation times and laser power densi-

ties. Four types of enzymes including proteinase K (Pro K), glu-

coamylase (GAM), glucose oxidase (GOD), and Bst DNA polymerase

(Bst) were successfully engineered with NIR-tunable enzymatic ac-

tivity based on PFLM nanosystems, and further demonstrated for

their applications in bacterial fermentation, bacteriostasis, and tar-

get gene amplification.

The preparation of PFLM-E using a top-down approach is

schematically presented in Fig. 1. Because of the diverse chela-

tion ability of phenolic compounds, tannic acid (TA), a ubiquitous

natural polyphenol, was coordinated to intrinsic Ga3+ ions and

external Fe3+ ions during the disintegration of large eutectic LM

(eutectic gallium-indium, EGaIn) droplets into stable nanodroplets

by ultrasonic stimulation (at 500W for 30min) [34–36]. Thus, a

robust and dense metal-phenolic nanocoating can be formed on

Fig. 2. Characterization of PFLM-E. (a) FESEM micrographs showing the spherical

shape of PFLM. (b) TEM image showing the PFLM nanodroplets and self-assembled

metal-phenolic nanocoating on the surface of PFLM. (c) FTIR spectra of TA and

PFLM-Pro K. (d, e) CLSM images of PFLM-Pro K. (f, g) HAADF-STEM and EDX map-

ping images of PFLM-Pro K.

the surfaces of LM nanodroplets to stabilize the colloidal LM nan-

odroplets and also prevent accumulation of LM nanodroplets in-

duced by their high surface tension (Figs. 1a and b). Furthermore,

due to the noninterfering interactions of catechol or galloyl groups

for proteins, various enzymes (including Pro K, GAM, GOD and Bst)

were flexibly immobilized on the metal-phenolic nanocoatings of

PFLM, named as PFLM-E (E represents different enzymes, Fig. 1c

and Table S1 in Supporting information). The PFLM-E allows local

heating through photothermal effect of the LM upon NIR irradia-

tion that enables manipulation of catalytic activity of the PFLM-E

by NIR light and can be applied to bacterial fermentation, enzyme

cascade reaction, and target gene amplification (Fig. 1d).

Field emission scanning electronic microscopy (FESEM) image

revealed that PFLM nanodroplets were highly monodispersed, and

their average diameter sizes were 100–200nm (Fig. 2a), which was

consistent with findings of dynamic light scattering (DLS) anal-

yses (170±50nm, Fig. S1 in Supporting information). Transmis-

sion electronic microscopy (TEM) performed on the PFLM nan-

odroplets also confirmed the spherical shapes of PFLM, and the

presence of metal-phenolic nanocoatings on the surfaces of PFLM

nanodroplets, with an observed thickness around 6nm (Fig. 2b

and Fig. S2 in Supporting information). The ultraviolet-visible (UV–

vis) absorption spectra of the supernatant obtained after disassem-

bly of the metal-phenolic nanocoatings of PFLM nanodroplets in-

dicated the presence of polyphenol-based functionalization on LM

nanodroplets (Fig. S3 in Supporting information). X-ray photoelec-

tron spectroscopy (XPS) analysis further revealed the interaction

between TA, LM, and Fe3+ (Figs. S4 and S5 in Supporting infor-

mation). Compared with the high-resolution XPS O 1s spectra of

TA, the peak (C–O) of PFLM shifted to higher binding energy, from

533.2 eV to 533.4 eV, as the TA interacted with metal ions (Ga3+

and Fe3+). From the core-level XPS spectra of Ga 3d of LM, the

peak centered at binding energy of 19.8 eV was assigned to Ga3+,
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and the peak in Ga3+ 3d spectra of the PFLM nanodroplets was

shifted to higher energy (20.6 eV). These differences demonstrated

that the coordination between TA and metal ions (Ga3+ and Fe3+)
had occurred on the surfaces of PFLM nanodroplets. In addition,

the C–O (533.2 eV) peak in O 1s spectra of PFLM-Pro K also moved

to higher energy than that of PFLM, and a new organonitrogen

peak appeared at 399.2 eV in the N 1s spectra of PFLM-Pro K, in-

dicating that the Pro K had been successfully immobilized on the

surfaces of PFLM-Pro K nanodroplets.

Fourier transform infrared (FTIR) spectroscopic analyses of TA

and PFLM-Pro K nanodroplets showed in Fig. 2c. The vibrational

peaks characteristic of TA, phenolic C–O stretching bands at 1536

and 1447 cm–1, and phenolic O–H bending vibrations at 1323

and 1196 cm–1, were shifted to 1513, 1351 cm–1, and 1168, 1077

cm–1, respectively, in the PFLM-Pro K nanodroplets. This further

suggested the coordination of Ga3+ and Fe3+ on the surfaces of

PFLM nanodroplets with the catechol/galloyl groups of TA [37].

The strong vibration peak at 1639 cm–1 might be ascribed to N–

H stretching vibration of Pro K in PFLM-Pro K. Raman spectroscopy

analysis of the PFLM-Pro K also suggested the coordination of TA

on the PFLM nanodroplet surface (Fig. S6 in Supporting informa-

tion). Meanwhile, the successful immobilization of Pro K was con-

firmed by the uniform distribution of fluorescein isothiocyanate-

labeled Pro K fluorescence observed in confocal laser scanning

microscope (CLSM) images (Figs. 2d and e). High-angle annular

dark-field scanning TEM (HAADF-STEM) image (Fig. 2f) and en-

ergy dispersive X-ray spectroscopy (EDX) mapping (Fig. 2g) of the

PFLM-Pro K nanodroplets demonstrated the element composition

of PFLM-Pro K as the evident from the spatially concentrated sig-

nals of uniformly distributed C, O, N and Fe appearing from interfa-

cial organic metal-phenolic nanocoatings. The C, O and N elements

coincided well with Ga and In elements from LM, which proved

the immobilization of Pro K on the surfaces of PFLM nanodroplets.

Additionally, after immobilization, GAM, as a typical enzyme with

a large molecular diameter (10nm), was also successfully immobi-

lized on the PFLM nanodroplet surface (Fig. S7 in Supporting infor-

mation).

Pro K is an enzyme that widely used in food biotechnology and

molecular biology because of its broad substrate specificity for hy-

drolysis of esters as well as its ability to cleave the peptide bond

proximate to the carboxyl group of aliphatic and aromatic amino

acids. Normally, its activity is enhanced by increasing temperature

of the whole catalytic system to improve the hydrolysis, which is

high energy-consumption. When the Pro K was immobilized on

the PFLM nanodroplet surface, the enzymatic activity of Pro K in

PFLM-Pro K could be changed by exposure to NIR light. PFLM nan-

odroplets played a role in tailoring the enzymatic activity of Pro K

for hydrolyzing sodium caseinate into various amino acids (tyro-

sine, tryptophan, and phenylalanine, etc.) due to the photothermal

response property of PFLM nanodroplets (Fig. 3a).

The superposition circular dichroism (CD) spectra of Pro K and

TA-Pro K revealed that the secondary structure of Pro K barely

changes before and after the integration with PFLM, supporting

the immobilization of Pro K was based on noninterfering interac-

tions (Fig. 3b). A range of other functional enzymes (GAM, GOD,

and Bst of PFLM-GAM, PFLM-GOD and PFLM-Bst) could also main-

tain their catalytic activities after the integration with PFLM (Fig.

S8 in Supporting information). The enzymatic activity of TA-Pro K

for hydrolyzing sodium caseinate into amino acids was detected

by high performance liquid chromatography (Fig. S9 in Support-

ing information). Compared with that of Pro K, the enzymatic ac-

tivity of TA-Pro K could be retained by over 90% with the in-

creased TA concentration from 1×10–5 mol/L to 10×10–5 mol/L.

These results indicated that the noninterfering interactions

between TA and enzymes are unlikely induce irreversible

destructions.

The catalytic activities of PFLM-Pro K incubated at NIR irradi-

ation of different power densities for 10min were investigated in

Fig. 3c. With the increase of laser power densities of NIR, the cat-

alytic activity of PFLM-Pro K was significantly enhanced, up to 3.0-

fold at the power density of 4.0W/cm2. Moreover, when the irradi-

ation time was increased, the catalytic activity of PFLM-Pro K was

also significantly enhanced (Fig. 3d). After irradiating 15min at the

power density of 3.0W/cm2, the catalytic activity of PFLM-Pro K

could be increased 4.4 times as much as the initial state. Inter-

estingly, during the enhancement of the PFLM-Pro K catalytic ac-

tivity, the temperature of the whole reaction system just changed

slightly (from 25.5 °C to 29.9 °C) under NIR irradiation, that was,

the increased activity of PFLM-Pro K was due to the environmen-

tal nanoscale heating caused by the absorption of LM nanodroplets

(2mg/mL) under NIR irradiation (Fig. S10 in Supporting informa-

tion).

The switch-on catalytic activity of PFLM-Pro K was further ex-

amed. The results showed that the catalytic activity of PFLM-Pro K

was reversibly regulated and increased rapidly when irradiated by

NIR light, but decreased to a normal level without the NIR irradi-

ation (Fig. 3e). In addition, we could easily re-collect PFLM-Pro K

since LM is denser than water, and the recovering PFLM-Pro K

could be employed in the next cycled catalytic reaction. After

five cycled catalytic reactions, the recovering catalytic activity of

PFLM-Pro K still retained 1.5 times over that of the initial Pro K

(Fig. 3f). Similarly, the catalytic activity of PFLM-GAM was also in-

creased with the increased NIR power densities from 1.0W/cm2

to 4.0W/cm2, and the corresponding catalytic activity was up to

1.7-fold at the power density of 4.0W/cm2 (Fig. S11 in Supporting

information). Importantly, the temperature of the whole reaction

system only changed slightly from 26.2 °C to 31.7 °C. Additionally,
the catalytic activity of PFLM-GAM could be increased 1.9 times

as much as the initial GAM with the enhancement of irradiation

time to 15min at the power density of 3.0W/cm2 (Fig. S12 in Sup-

porting information). And the temperature of the PFLM-GAM reac-

tion system also changed slightly (from 26.0 °C to 29.8 °C). The cat-

alytic activity of PFLM-GAM could be also tuned reversibly and re-

sponded rapidly to NIR irradiation (Fig. S13 in Supporting informa-

tion). After five cycled catalytic reactions, the recovering catalytic

activity of PFLM-GAM still retained 1.5 times that of the initial state

(Fig. S14 in Supporting information).

For industrial fermentation (such as lactic acid fermentation),

highly efficient protease hydrolysis system is a common solution

to promote the rapid growth of beneficial bacteria (lactic acid bac-

teria) to shorten the processing time of fermented products and

improve the flavor and nutrients of the food [38,39]. While, be-

cause nitrogen sources from large molecular proteins in the fer-

mentation system are difficult to use directly by beneficial bacte-

ria. These large-molecular proteins (such as sodium caseinate) in

this system are usually needed to degrade into short peptides and

amino acids for offering nitrogen sources under the catalytic action

of Pro K, thus supporting the rapid growth of lactic acid bacteria

and shortening the fermentation time. To increase Pro K activity,

the system of fermentation is often exposed to high temperature,

but it causes damage to the nutrition and affects the food taste.

To avoid this challenge, we irradiated PFLM-Pro K with NIR light to

increase the localized microenvironmental temperature of Pro K by

taking advantage of the photothermal conversion ability of PFLM.

The localized microenvironmental heating promotes the hydrolysis

of sodium caseinate through Pro K and further improves reproduc-

tion and metabolism of lactic acid bacteria, thus achieving the pur-

pose of accelerating the fermentation of food without destroying

nutrients and flavors (Fig. 3g). Under the NIR light irradiation, the

large-molecular proteins (sodium caseinate) could be hydrolyzed

into diverse amino acids for offering the nitrogen sources without

significant temperature change of the whole fermentation system.
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Fig. 3. NIR light modulating the catalytic activity of PFLM-Pro K and accelerating industrial fermentation. (a) Illustration of the accelerated proteolysis by PFLM-Pro K with

NIR irradiation. (b) CD spectra of Pro K and TA-Pro K. Inset: Schematic diagram of the possible interactions between the functional groups of polyphenols and proteins. (c)

Catalytic activities of PFLM-Pro K upon pulse NIR irradiation at different power densities for 10min. (d) Catalytic activities of PFLM-Pro K by exposure to pulse NIR laser

for different times. (e) The reversibility of modulating catalytic activity of PFLM-Pro K was evaluated by exposing to cycled pulse NIR irradiations (3.0W/cm2, 10min for

each cycle). (f) The cycled catalytic activity of PFLM-Pro K with irradiation at 3.0W/cm2 for 10min. (g) Schematic showing improved hydrolysis of sodium caseinate by

PFLM-Pro K with NIR irradiation to promote lactic acid bacteria reproduction and fermentation. (h) Fluorescence microscopy images of lactic acid bacteria incubated for 20h

with/without sodium caseinate and promoting proteolysis by PFLM-Pro K with/without NIR irradiation on sodium caseinate. Scale bar=5μm. (i) The pH value and number

of lactic acid bacteria during the incubation after promoting proteolysis by PFLM-Pro K with/without NIR irradiation on sodium caseinate.

Under NIR light irradiation, PFLM-Pro K showed a higher cat-

alytic activity and produced more free amino acids as nitrogen

sources for lactic acid bacteria (Figs. S15 and S16 in Supporting

information), which increases the number of lactic acid bacte-

ria (Figs. S17 and S18 in Supporting information), supported by

the higher intensity of cytoplasmic fluorescence (Fig. 3h and Fig.

S19 in Supporting information) than that of hydrolysis system of

sodium caseinate by PFLM-Pro K without NIR irradiation. Addition-

ally, because the proliferation of lactic acid bacteria produced more

metabolites (lactic acid) in the hydrolysis system of sodium ca-

seinate by PFLM-Pro K with NIR light irradiation, the pH value de-

creased rapidly (from 6.8 to 5.0), thus delivering into a rapid fer-

mentation (Fig. 3i).

Multienzyme cascade that mediates multistep chemical reac-

tions in one-pot systems can avoid the isolation/purification of in-

termediates and shift the reaction equilibrium to the product side,

which is a most important technology to succeed in industrial pro-

cess development [40,41]. PFLM can simultaneously assemble mul-

tiple enzymes to achieve the effect of cascade catalysis due to the

non-specific multiple noninterfering interactions between TA and

various enzymes.

In our multienzyme cascade model, GAM digests starch into

glucose, and GOD can further catalyze the oxidation of glucose into

gluconolactone and H2O2, inducing oxidative stress damage of bac-

teria. We prepared a dual-enzymatic PFLM-GAM&GOD, and under

the NIR irradiation, the final decomposition products present an-

tibacterial activity after diffusion in solidified agar plate as GAM

and GOD cascade catalyzed starch into H2O2 (Fig. 4a). Upon NIR ir-

radiation, GAM and GOD of PFLM-GAM&GOD showed significantly

enhanced enzymatic activity, and more H2O2 was produced to en-

large the diameter of antibacterial zone (22mm) that larger than

that of PFLM-GAM&GOD (15mm) without NIR irradiation (Fig. 4b),

indicating the stronger antibacterial effect and improvement of

cascade catalysis of PFLM-GAM&GOD with NIR irradiation. In ad-

dition, the systems of PFLM-GAM and PFLM-GOD showed no an-

tibacterial activity due to the inability to hydrolyze starch to H2O2

when GAM and GOD were present alone in PFLM-GAM and PFLM-

GOD, respectively. Thus, the corresponding diameters of antibacte-

rial zones were kept at 6mm without any enlargements. Besides,

the photothermal effect of PFLM had no bacteriostasis as the di-

ameters of antibacterial zone were still kept at 6mm (Fig. S20

in Supporting information). These results suggested that the an-

tibacterial activity of the catalytic system of PFLM-GAM&GOD with

NIR irradiation mainly arises from the cascade hydrolysis prod-

ucts (H2O2) induced by the multiple enzymatic reactions (GAM

and GOD). Moreover, the antibacterial activity of PFLM-GAM&GOD

could be enhanced by the NIR irradiation, because the activities

of GAM and GOD of PFLM-GAM&GOD were improved simulta-

neously for the increased localized microenvironmental temper-

ature of GAM and GOD by taking advantage of the photother-

mal conversion ability of PFLM, thus accelerating the multienzyme

cascade.

DNA polymerase plays a pivotal role in gene amplification,

which is of great significance for point-of-care (POC) testing in

prevention and treatment of disease [42]. However, gene amplifi-

cation often requires sophisticated laboratory equipment, and in-
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Fig. 4. Regulation of enzyme cascade antibacterial activity and remote gene amplification by NIR light. (a) Schematic illustrated NIR irradiation enhanced production of

H2O2 by PFLM-GAM&GOD for antibacteria. (b) The antibacterial activity of PFLM-GAM&GOD upon NIR irradiation (0.5W/cm2 for 1h) by determining inhibition zone diameter

in the presence of soluble starch. (c) Photothermal effects of PFLM nanodroplets (at 3.8W/cm2, 10min for each cycle). (d) Schematic of remote LAMP based on PFLM-Bst

photothermal conversion. (e) Electrophoretic analysis of target gene amplification under PFLM-Bst with/without NIR irradiation.

creases the energy and time consumed in heat transfer due to the

characteristics of contact heating [43]. PFLM is a highly efficient

converter of energy from light to located microenvironmental heat,

and its noncontact heating and fast thermocycling rate could min-

imize the energy and time consumption in the heat transfer pro-

cess. The photothermal effect of LM becomes better as the droplet

size decreases gradually (Fig. S21 in Supporting information). Un-

der NIR light irradiation (at 3.8W/cm2), the dispersion temperature

of 170nm PFLM nanodroplets (40mg/mL) increased to 95 °C within

3min, and five on/off cycles of NIR irradiation test confirmed the

superior photostability of PFLM (Fig. 4c).

Thus, we regulated the temperature change of the PFLM-Bst

nanodroplets by adjusting the power density of NIR light to

achieve ultra-fast thermal transfer and enhance Bst enzymatic ac-

tivity for microscale gene amplification (Table S2 in Supporting

information) by loop-mediated isothermal amplification (LAMP).

When the PFLM nanodroplets were added to the Escherichia coli

O157:H7 (E. coli O157:H7) dispersion, the photothermal effect of

PFLM nanodroplets made their bulk temperature higher than 95 °C
with NIR irradiation at high power density (3.8W/cm2) for 10min

(Fig. S22 in Supporting information), which could rupture E. coli

O157:H7 to release DNA and unwind DNA into single-stranded

DNA (Fig. 4d). Then, after adding the PFLM-Bst nanodroplets and

changing the power density of NIR light to 2.0W/cm2 for 1h,

single-stranded DNA was annealed into double-stranded DNA un-

der the improved catalysis of PFLM-Bst with reduced bulk tem-

perature (60 °C), thus achieving a simple and rapid amplification

of the target gene. The correct band location (299bp) of the tar-

get gene from E. coli O157:H7 was obtained by gel electrophore-

sis [44], while no bands were found on agarose gel electrophoresis

under the same condition without NIR irradiation (Fig. 4e). These

results proved that the engineered PFLM-Bst successfully amplified

the target gene through the precise control of PFLM-Bst activity

with NIR irradiation.

In summary, we reported phenolic-functionalized liquid metal

nanodroplets assembled with various enzymes for dynamic con-

trol of enzymatic activity by NIR irradiation. The polyphenol-based

nanocoating provides stabilization of LM, obtaining colloidally-

stable LM nanodroplets (PFLM). A variety of a single or multi-

ple enzymes can be integrated on the surface of PFLM to gener-

ate biohybrid PFLM-E nanosystems, in which NIR irradiation can

be converted to localized microenvironmental heating to achieve

a NIR-induced dynamic modulation of enzymatic activities. More-

over, PFLM-E showed reusable and reversible activities in subse-

quent five-cycle experiments. We designed three types of PFLM-E

nanosystems by integrating a library of functional enzymes, includ-

ing proteinase K, glucoamylase-glucose oxidase cascade, and Bst

DNA polymerase, and demonstrated their potential applications in

industrial fermentation, bacteriostasis, and target gene amplifica-

tion. Our study provides a facile and efficient strategy to realize

the dynamic control of enzymatic activity by NIR irradiation, which

has potential applications in more complex biological and indus-

trial applications.
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