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a b s t r a c t

The construction of enzyme reactors based on metal-organic frameworks (MOFs) as the immobilized

matrix is a proven strategy that has achieved the widespread application of enzymes across industries.

Although many MOFs and a variety of strategies have been developed, a formidable challenge remains

in maintaining the high enzyme activity with excellent recyclability and tolerance for harsh conditions.

Herein, using degradable redox stimuli-responsive liposomes as the templates with microporous MOFs

(M-MOFs) as the hosts for enzyme encapsulation, a series of enzyme reactors (enzyme@M-MOFs) was

designed and created. Based on the premise of enhancing enzyme protection in the harsh environment,

this strategy provided a high degree-of-freedom space via removal of liposomes that improved the con-

formational freedom of the enzymes, promoted the mass transfer of substrates and products, and greatly

boosted the catalytic activity. Importantly, the strategy had good universality and was applied to various

liposomes, M-MOFs and enzymes. Additionally, the co-encapsulation of different enzymes with synergis-

tic functions was performed using the M-MOFs platform. This study solved the problems of the confor-

mation limitation of enzymes and mass transfer resistance of substrates and products using the proposed

enzyme@M-MOFs, providing a new approach for the construction of biological cascade reaction devices

based on MOFs materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Enzymes are natural catalysts produced by living cells. They

have high specificity and catalytic efficiency for their substrates

[1–5], which are key factors in the continuous development of

biotechnology applications of enzymes [6–10]. However, the limi-

tations of enzymes, such as low thermal stability, narrow optimal

pH range, as well as low tolerance for most organic solvents

and many metal ions, have greatly hindered their storage and

application [11–13]. Additionally, enzymes are contaminants of the

desired product, leading to inevitable purification and separation

steps [14–16]. The immobilization of enzymes is one of the key

strategies to improve the stability, reusability and continuous

production capacity of enzymes, thereby improving their practical

performance [17–24].

Metal-organic frameworks (MOFs) are porous materials with

wide application prospects [25–27]. The excellent properties of
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MOFs-such as their high specific surface area, pore volume and

ease of pore size adjustment-making them a desirable support ma-

trix for enzyme immobilization [28–33]. However, despite these

advantages, most MOFs-based enzyme reactors still face significant

challenges. For example, traditional immobilization methods (e.g.,

adsorption, pore embedding) often result in low loading capacity,

high leaching and the possibility of degradation in enzyme activity

due to weak interactions or pore size mismatches between the en-

zyme and host material [34–38]. The co-precipitation strategy can

overcome the shortcomings of the traditional incorporation meth-

ods. Nevertheless, embedding enzyme in tightly-packed host ma-

terials usually results in a lack of conformational freedom, which

may greatly affect enzyme-substrate molecular recognition and the

catalytic efficiency of enzymes [39–42]. In tight and narrow MOF

channels, the mass transfer of substrates and products may also be

a limiting factor. Large mass transfer resistance and a long mass

transfer distance significantly reduce the activity of immobilized

enzymes [43,44]. Therefore, there is an urgent need to explore new

platforms to overcome these problems for optimal enzyme perfor-

mance in confined spaces.

https://doi.org/10.1016/j.cclet.2024.109812
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Herein, redox stimuli-responsive liposome (L) [45–47] was cre-

ated as a sacrificial template for the fabrication of a "microp-

orous MOF core-shell structure" for the encapsulation of natural

enzymes. Zeolitic imidazolate frameworks (ZIFs) were selected to

immobilize enzymes due to their advantages of synthesis temper-

ature and aqueous solution [48,49]. ZIFs provided the shell for

wrapping the enzymes to construct enzyme@ZIFs. Degradable L for

the in situ encapsulation of enzymes to form enzyme@L was ex-

plored and served as a sacrificial template for the growth of the

enzyme@L-ZIF capsule structure. The L was degraded via the redox

reaction between glutathione (GSH) and the disulphide bond re-

leasing the enzymes to form the core-shell structured microporous

enzyme@ZIF (enzyme@M-ZIF). The spacious microenvironment in

the resultant enzyme@M-ZIF promoted the mass transfer of sub-

strates and products while maintaining the conformational free-

dom of the enzymes, which was essential for boosting the catalytic

activity or synergistic interaction of different enzymes for cascade

reactions. This provides a new approach to overcome the limita-

tions of enzyme immobilization in porous supports.

To construct a large-cavity enzyme@MOF capsule structure,

it was first necessary to select a template that was suitable

for embedding enzymes and would not affect the biological

macromolecules during the template removal. The L has bilayer

structures that form spontaneously in water and their structures

are similar to that of biological cells [50]. L is biocompatibile and

can encapsulate and release molecules, enabling the targeting or

efficient delivery of biomolecules. Thereby the L is a promising

candidate to construct large-cavity MOF templates for the efficient

immobilization of biomacromolecules.

To facilitate the easy removal of L without affecting the

encapsulated enzymes, disulphide bonds with redox stimulus

responsiveness were introduced into the L monomers during their

synthesis. The L synthetic process is shown in Fig. S1 (Supporting

information). Three L monomers (L1, L2, L3) were synthesized

with the dodecyl chain as the hydrophobic terminal and N-(3-

aminopropyl) diethanolamine, 1-(2-aminoethyl) pyrrolidine, or

N-(3-aminopropyl) morpholine, as the hydrophilic end. The in-

termediates in the synthesis process and 1H nuclear magnetic

resonance (1H NMR) spectra of the products are provided in

Figs. S2-S7 (Supporting information), indicating the successful

synthesis of the three kinds of L. Scanning electron microscope

(SEM) was used to demonstrate the self-assembly effect of the

prepared L in aqueous solution. As shown in Fig. S8 (Support-

ing information), the L-nanoparticles were uniformly distributed

nanospheres in aqueous solution with a size of 300–400nm. To

explore the stimulation response characteristics of the prepared

L, an L-nanoparticle suspension (1.0mg/mL) was prepared and

GSH (5.0mmol/L) was added as the reducing agent to degrade the

self-assembled L. When GSH solution was added to the suspension

of L-nanoparticles, the opalescent opaque solution became instan-

taneously clear (Fig. S9 in Supporting information), this indicated

that GSH successfully degraded the L-nanoparticles, and that they

had desirable redox stimuli-response characteristics.

Enzymes were then encapsulated in degradable L-nanoparticles,

which acted as the templates to fabricate the enzyme@L-ZIF with

double-layer core-shell structures. Finally, through the stimulation

response of GSH to disulphide bonds in the L, the degraded

L-fragments were removed, forming a capsule junction with

large-cavity enzyme@ZIFs-8 (Fig. 1).

First, using this strategy, L1 was designed to synthesize the M-

ZIF structure for enzymes before (L1-ZIF-8) and after L degradation

(M1-ZIF-8). The structure of M1-ZIF-8 was characterized by trans-

mission electron microscope (TEM), which indicated the presence

of a large-cavity (Fig. 2A). In comparison with the crystal struc-

tures of ZIF at different stages, powder X-ray diffraction (PXRD)

results (Fig. 2B) showed that the crystal structure of M1-ZIF-8

Fig. 1. Schematic representation of the in situ encapsulation of enzymes within M-

ZIF via biodegradable L as sacrificial template.

Fig. 2. Characterization of M1-ZIF-8. (A) TEM images showing M1-ZIF-8. (B) PXRD

patterns of ZIF-8 (purple), M1-ZIF-8 (blue), simulated pattern of ZIF-8 (black). (C)

N2 adsorption isotherms of L1-ZIF-8 (purple) and M1-ZIF-8 (green). (D) pore size

distribution of L1-ZIF-8 (purple) and M1-ZIF-8 (green). TEM images and EDS ele-

mental mapping of L1-ZIF-8 (E) and M1-ZIF-8 (F), bar size: 500nm.

remained intact and was not affected by the synthesis process.

Additionally, the porosity of L1-ZIF-8 and M1-ZIF-8 was retained

during the synthesis. N2 adsorption data at 77K showed that the

surface area of L1-ZIF-8 and M1-ZIF-8 were 1011.6 cm2/g and

1566.1 cm2/g, respectively. In comparison with L1-ZIF-8, M1-ZIF-8

had a larger specific surface area due to its microporous structure

following removal of L1 (Fig. 2C). The pore size distributions of

M1-ZIF-8 and L1-ZIF-8 were 0.88nm and 0.61nm (Fig. 2D). Fourier

transform infrared spectroscopy (FT-IR) of ZIF-8, L1-ZIF-8 and M1-

ZIF-8 showed that the absorption peaks at 1747 cm−1, 1337 cm−1

and 1185 cm−1 were attributed to C=N, N–H, C–N and C–C stretch-

ing vibrations, respectively, which further verified the successful

synthesis of M1-ZIF-8 (Fig. S10 in Supporting information).

To confirm the degradation of L by GSH, L1-ZIF-8 and L2-ZIF-

8 were analyzed by energy dispersive spectrometry (EDS). The re-

sults of EDS element mapping (Figs. 2E and F) showed that L1-

ZIF-8 contained considerable S, a characteristic element of L, while

M1-ZIF-8 contained almost no element S. This confirmed that the L

2
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Fig. 3. Construction and activity determination of enzyme reactors. (A) Flu-

orescence spectra of different systems at 650nm (a-AuNCs@BSA, b-degraded

AuNCs@M1-ZIF-8, c-L1-AuNCs supernatant, d-AuNCs@L1-ZIF-8 supernatant, e-

AuNCs@M1-ZIF-8 supernatant). Comparative activity of (B) HRP@ZIF-8 and

HRP@M1-ZIF-8, (C) GOx@ZIF-8 and GOx@M1-ZIF-8, (D) CAT@ZIF-8 and CAT@M1-

ZIF-8. (E) Comparative activity of different enzyme reactors. (F) Stability of the

HRP@M1-ZIF-8 composites compared with free enzymes incubated in PBS solution

(pH 7.4).

in L1-ZIF-8 were almost completely degraded by GSH. Furthermore,

thermogravimetric analysis (TGA) was performed on ZIF-8, L1-ZIF-

8 and M1-ZIF-8. The TGA results indicated that ZIF-8 and M1-ZIF-

8 had a similar thermogravimetric degradation curve, while the

degradation of L was evident in the TGA curve of L1-ZIF-8 (Fig. S11

in Supporting information). This further confirmed the complete

degradation of L in L-ZIF-8.

The formation mechanism of M-ZIF-8 constructed using the

prepared L as the template (Fig. S12 in Supporting informa-

tion) was as follows. Because the self-assembled L-nanoparticles

in aqueous solution contained hydrophilic hydroxyl groups, they

bound the metal Zn2+ ions of ZIF-8 via coordination bonds. The

interaction between hydroxyl groups and Zn2+ led to the concen-

tration of Zn2+ on the outer surface of the L, followed by ZIF-8

nucleation through further binding with free organic linkers and

2-methylimidazole in solution [51]. Thus, conditions were created

for the growth of ZIF-8 on the surface of L.

According to the strategy described in Fig. 1, core-shell en-

zyme reactors were prepared with M1-ZIF-8 as the shell and

horseradish peroxidase (HRP), glucose oxidase (GOx), or catalase

(CAT) as the core. These three enzymes were selected because

they were the most common model-enzymes for nano reactors re-

search and for glucose detection in a cascade reaction. To prove

that the enzyme was indeed encased by M1-ZIF-8, BSA-protected

gold clusters (AuNCs@BSA) were synthesized as guest molecules

instead of the enzyme. Due to the good fluorescence characteris-

tics of AuNCs@BSA, the inclusion of AuNCs@BSA in M1-ZIF-8 could

be clearly visualized. The fluorescence spectra of the synthesized

AuNCs@BSA are shown in Fig. 3A-a with an obvious emission peak

at 650nm. However, after incubation with AuNCs@BSA and L1 (L1-

AuNCs), almost no fluorescence signal was detected in the super-

natant (Fig. 3A-c) which indicated that many AuNCs@BSA were en-

closed by L. Zn2+ and 2-methylimidazole were added to the system

to further mineralize the L1-AuNCs, and GSH was added to degrade

the L1. There were no fluorescence signals of the supernatant be-

fore degradation (AuNCs@L1-ZIF-8, Fig. 3A-d) or after degradation

(AuNCs@M1-ZIF-8, Fig. 3A-e). Finally, the obtained AuNCs@M1-ZIF

(Fig. 3A-b) were degraded in acetate buffer (pH 5.0), and the flu-

orescence signal was measured. The fluorescence intensity was

slightly lower than that of AuNCs@BSA, which may have been due

to the envelopment of the AuNCs@BSA. These results indicated that

AuNCs@BSA were indeed embedded in microporous ZIF-8, which

proved the feasibility of the proposed strategy. The enzyme entrap-

ment rate of this method was determined by the absorbance of the

supernatant enzyme solution before and after the immobilization

of different enzymes (Figs. S13-S15 in Supporting information).

The enzyme immobilization efficiency and immobilization ability

of the corresponding enzyme reactors were obtained by combining

the corresponding linear relationships (Figs. S16-S18 in Support-

ing information). Furthermore, the free HRP and HRP released from

HRP@M1-ZIF-8 composites were characterized by circular dichroic

chromatography (Fig. S19A in Supporting information), which in-

dicated that the structure of HRP did not change before and after

immobilization. Notably, LCSM images clearly verified the different

spatial dispersion of HRP in L (Fig. S19B in Supporting information)

and in M1-ZIF-8 (Fig. S19C in Supporting information).

Fig. S20 (Supporting information) displays the concentration-

dependent formation of catalytic products by HRP@ZIF-8 and

HRP@M1-ZIF-8 through the calculated Michaelis-Menten kinetic

parameters. The maximum velocity was 0.55×10−8 mol L−1 s−1

for HRP@ZIF-8, while 7.04×10−8 mol L−1 s−1 for HRP@M1-ZIF-8.

Then the activity of the GOx@ZIF-8 or CAT@ZIF-8, which was con-

structed via the proposed strategy, was compared with that of the

traditional ZIF-8 immobilization enzyme reactor. Under the same

catalytic conditions, the activity of HRP@M1-ZIF-8, GOx@M1-ZIF-

8, and CAT@M1-ZIF-8 (Figs. 3B-E) was significantly improved com-

pared with the corresponding traditional enzyme reactor. This in-

creased activity was mainly attributed to the following two rea-

sons. First, in the traditional ZIF-8 immobilized enzyme mode,

the enzyme molecule was firmly fixed in ZIF-8, and had mini-

mal conformational freedom, which hindered the recognition be-

tween the substrate molecule and the enzyme. The proposed strat-

egy overcame this problem, providing more free space for en-

zymes via the sacrificial template, which greatly promoted the

mutual recognition of the substrate molecules and enzymes. Sec-

ond, tightly packed ZIF-8 impeded the mass transfer of substrate

molecule and was also one of the shortcomings of traditional im-

mobilization strategies. As displayed in Fig. S21 (Supporting infor-

mation), the mass transfer of substrate in enzyme@M1-ZIF-8 (Fig.

S21B) was easier than that in enzyme@ZIF-8 (Fig. S21A), which

also accounted for the higher catalytic activity of enzyme@M1-ZIF-

8. Additionally, to investigate the stability of enzymes in vivo, the

free HRP and HRP@M-ZIF-8 was exposed to heat (80 °C), organic
solvents (DMF, DMSO) and trypsin solution (10.0mg/mL) because

these harsh conditions would lead risk to unfold the proteins, re-

sulting in inactivation. The retained bioactivity, denoted as the cat-

alytic rate conversion after different treatments, was calculated.

Fig. 3F indicates that after treatment by heating or DMF or DMSO

or trypsin, the retained bioactivity of free HRP was only 8.8%, 0.2%,

1.6% and 16.3%, respectively, while, the HRP@M-ZIF-8 maintained

54.7%, 67.1%, 51.0% and 91.1% of its original activity, respectively.

Fig. S22 (Supporting information) exhibits good reusability of the

HRP@M-ZIF-8. These results demonstrated that the constructed

enzyme@M-ZIF-8 had certain resistance to harsh condition.

To further explore the universality of the strategy, eighteen

enzyme-reactors were fabricated based on two ZIFs, three kinds of

3
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Fig. 4. Illustration of two cascade reactors fabricated for Glu detection: (A) HRP-

GOx@M1-ZIF-8 cascade reactor (top) and HRP-GOx@ZIF-8 cascade reactor (bottom).

Glu detection linearity of HRP-GOx@M1-ZIF-8 (B) and HRP-GOx@ZIF-8 (C) cascade

reactor.

L and three enzymes, and their performance was compared. Three

kinds of L with different structures (L1, L2, L3) were successfully

synthesized (Fig. S1), ZIF-8 and ZIF-67 were used for the inclusion

of HRP, GOx and CAT. The structures of the resulting enzyme reac-

tors were characterized using PXRD (Fig. S23 in Supporting infor-

mation), TEM (Figs. S24-S28 in Supporting information) and EDS

(Figs. S24-S28). The PXRD results showed that the M-ZIFs struc-

ture was not affected by L degradation or enzymes immobilization,

confirming its integrity. TEM images (Figs. S24-S28) revealed that

spherical M-ZIFs were synthesized. EDS data depicted that GSH

could effectively degrade the L templates. All these results con-

firmed that the proposed synthesis strategy was highly feasible for

constructing M-ZIFs. Next, the catalytic efficiency of the different

microporous spherical M-ZIF-immobilized HRP, GOx and CAT reac-

tors was compared with that of the traditional enzyme@ZIFs (Figs.

S29 and S30 in Supporting information). The results exhibited that

the catalytic efficiency of the enzyme@M-ZIFs was significantly im-

proved, indicating that the proposed strategy was universal.

In practical applications, two or more enzymes are often re-

quired. Additionally, multiple enzymes catalyze multiple substrates

to produce products can be catalyzed by the next enzyme to form

final products. Enzyme cascade reactions have the advantages of

rapid reaction speed, high selectivity, low pollution and low cost.

Therefore, the construction of micro-enzyme cascade reactors has

wide application prospects in the fields of biotechnology devel-

opment, pharmaceutical research and chemical manufacturing

[52–55].

Under aerobic conditions, GOx can catalyze the highly selective

oxidation of glucose (Glu) to gluconic acid, accompanied by the

formation of an equal amount of H2O2. Consequently, 3,3′,5,5′-
tetramethylbenzidine dihydrochloride (TMB) can be quantitatively

oxidized to oxTMB with the yielded H2O2 as the substrate of HRP.

Thus, the combination of the two enzymes enables the efficient de-

termination of Glu. To improve the efficiency of cascade reactions,

enzymes are usually fixed in the same matrix using the enzyme

immobilization strategy. However, this results in a considerable

reduction in the efficiency of the cascade reactions. In the present

study, a cascade enzyme reactor was constructed with a large cav-

ity in ZIF-8 (Fig. 4A). Then the efficiency of Glu-colourimetric de-

tection at equivalent substrate concentrations was compared using

GOx-HRP@ZIF-8 and GOx-HRP@M1-ZIF-8 as the enzyme-reactors.

The results indicated that both GOx-HRP@ZIF-8 and GOx-HRP@M1-

ZIF-8 had a good linear correlation in the linear range of 3.0–18.0

μmol/L (Figs. 4B and C) with limit of detection (LOD) down to 0.9

μmol/L, which could be comparable with the reported ones (Table

S1 in Supporting information). However, the Glu-consumption with

GOx-HRP@M1-ZIF-8 (y=0.038x+0.008) was more efficient than

that with GOx-HRP@ZIF-8 (y=0.016x+0.008), and it yielded a

highly sensitive signal response. This difference may have been due

to the high degree-of-freedom conformation of the GOx-HRP cas-

cade reaction in the M-ZIF-8 cavity and the short substrate/product

mass transfer distance. This result validated that M-ZIFs enabled

the embedding multiple conformationally free enzymes for better

cascade performance, which has potential applications in the

manufacture of bioreactors or advanced microdevices.

In summary, a simple biodegradable L-templates protocol to

prepare M-ZIFs for encapsulating various enzymes was proposed.

Enzymes were encapsulated in prepared L by in situ encapsula-

tion to form the enzymes-L system, which provided the degrad-

able template for fabricating a bilayer core-shell structure with L,

ZIFs and enzymes. Based on the redox reaction between GSH and

disulphide bonds, the inner L was effectively removed by the in-

troduction of GSH. This strategy, on the premise of ensuring the

recyclability of enzymes, was designed to provide the embedded

enzymes with a highly free space and good tolerance. Additionally,

the mass transfer of substrates and products was shortened signifi-

cantly, effectively increasing their diffusion efficiency, and promot-

ing the biological activity of the enzymes. The universality of this

protocol was proved using three kinds of L (L1, L2, L3) as templates

for the in situ encapsulation of the three different enzymes (HRP,

GOx, CAT) into two ZIFs (ZIF-8, ZIF-67). The eighteen nanoreac-

tors maintained favourable biological activity. Furthermore, it was

demonstrated that this fabrication protocol could be used for the

effective co-encapsulation of multiple enzymes in M-ZIFs. Com-

pared with traditional enzyme@ZIFs, this approach exhibited more

efficient cascade reaction efficiency. Not only does this study pro-

vide a new protocol for maintaining the biological activity of en-

zymes via in situ encapsulation with M-ZIFs, but also offers a new

research approach for constructing efficient cascade reaction de-

vices.
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