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Abstract: Immobilizing fragile enzymes in porous mate-
rials holds significant potential for biocatalysis but
encounters challenges such as mismatched enzyme size
and pore structure of host materials, along with harsh
assembly conditions that can denature enzymes. Herein,
we present a versatile strategy for constructing membrane
bioreactors through water-mediated, vacuum-assisted
layer-by-layer assembly of covalent organic framework
(COF) nanosheets with enzymes. This method effectively
addresses pore size limitations, preserves enzyme activity,
and promotes convective transport of reactants to active
sites, while shielding enzymes from harmful by-products
through rapid transport in continuous membrane catal-
ysis. The optimized bioreactor achieves a 1018-fold
increase in relative activity compared to free enzymes in
batch reactions, completing substrate conversion in just

7.95 s, and demonstrating enhanced stability.

. J

Introduction

Enzymes are highly efficient and selective catalysts, essen-
tial for promoting sustainable manufacturing processes.['~]
Despite their advantages, enzymes are inherently fragile,
with activity and selectivity often compromised under fluc-
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tuating temperatures or harsh chemical environments.[!!]

To address these challenges, enzyme immobilization tech-
niques have emerged as a powerful tool to enhance enzyme
stability, activity, and reusability.'>?!l Despite significant
advancements, batch enzymatic reactions still face challenges.
Enzymes in such systems are often exposed to harmful
by-products for prolonged periods, increasing the risk of
deactivation. To mitigate this, continuous enzymatic processes
using membrane bioreactors have been developed.[?>28]
These systems typically retain enzymes via low molecu-
lar weight cut-off membranes or covalent modifications.
Although effective, such approaches come with notable trade-
offs, including high energy consumption for filtration and
potential enzyme damage during the modification process.
A promising alternative is in situ biomimetic mineralization,
where enzymes are encapsulated within protective metal-
organic framework (MOF) membranes.”” However, current
applications have been largely limited to zeolite imidazolate
framework-8 (ZIF-8), which has a narrow pore size of 3.8 A,
restricting access to larger reagents and limiting practical
applications. Thus, a versatile and effective strategy for the
construction of bioactive membrane reactor is highly desired.

Covalent organic framework (COF) nanosheets emerge
as ideal candidates for such applications due to their
well-defined structures, functional versatility, and intrin-
sic porosity.?%] Their excellent water dispersibility and
ability to form membranes further enhance their applica-
bility in chemical separation, catalysis, energy conversion,
and sensing.[*! By assembling COF nanosheets with
enzymes using a water-mediated, vacuum-assisted layer-by-
layer approach, it is no longer necessary to precisely match the
pore size of the COF with the enzyme dimensions. This inte-
gration improves mass transfer and enzyme accessibility by
leveraging both the intrinsic porosity of the COF nanosheets
and the interlayer spaces created during the assembly process.
Furthermore, the tunable chemical compositions of COFs
allow for the customization of the enzyme microenvironment
to achieve optimal catalytic performance (Figure 1).

To assess the potential of COF nanosheets in con-
structing membrane bioreactors, we conducted a proof-of-
concept study involving the encapsulation of lipase, selected
for its versatile catalytic properties.[**7] The optimized
membrane bioreactor demonstrated exceptional catalytic
efficiency, achieving complete conversion in just 7.95 s at room
temperature in the kinetic resolution of racemic secondary
alcohols with vinyl acetate. This performance surpassed both
free enzymes and COF powder biocomposites, delivering
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Figure 1. Overview of various enzyme immobilization techniques. a) Direct pore infiltration, which requires the pore size of the host material to be
larger than the dimensions of the enzyme for effective immobilization. b) De novo assembly, typically involving harsh chemical reactions and
conditions that may negatively impact enzyme activity. c) Layer-by-layer assembly using COF nanosheets with enzymes, along with the associated

advantages.

turnover frequencies (TOFs) that were 1018-fold and 254-
fold higher, respectively. Beyond its remarkable catalytic
efficiency, the membrane bioreactor enabled rapid removal
of reaction products, further enhancing enzyme stability
and activity across multiple reactions. Notably, this versatile
immobilization approach is not limited to specific enzymes
or COF types, providing a universal platform for engineering
advanced membrane bioreactors.

Results and Discussion

Given the demonstrated enhanced efficiency of lipase with
hydrophobic substrates, we selected COF nanosheets syn-
thesized from 1,3,5-tris(4-aminophenyl)benzene (Tab) and
2,5-dimethoxyterephthalaldehyde (Dma). This choice was
motivated by the hydrophobicity, chemical stability, and
mesoporous structure of the resulting COF material, which
are advantageous for mass transport.[*] The COF-TabDma
nanosheets were prepared using a single-phase solution
method facilitated by scandium trifluoromethanesulfonate
(Sc(OTf);) (Figure 2a). The formation of nanosheets was
indicated by the Tyndall light-scattering effect observed in the
suspension (Figure 2a, inset, and Figure S1). Comprehensive
characterization techniques further validated the morphology
and structural properties of the COF-TabDma nanosheets.
Scanning electron microscopy (SEM) revealed a uniform
lamellar structure (Figure 2b), while atomic force microscopy
(AFM) measured their thickness to be approximately 4.5 nm
(Figure 2c). Additionally, transmission electron microscopy
(TEM) showed a smooth, nearly transparent, flake-like
morphology, consistent with their atomically thin structure
(Figure 2d).

The membrane bioreactors were fabricated using
a vacuum-assisted layer-by-layer stacking method on
polyacrylonitrile (PAN) ultrafiltration membranes. The
process involved sequential filtrations of a diluted COF
nanosheet aqueous solution, followed by enzyme solutions
containing Amano lipase PS from Burkholderia cepacia at
varying concentrations (0, 2500, 5000, and 10 000 ppm). This
cycle was repeated to build layer-by-layer assembly structures
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between COF nanosheets and enzyme molecules, with an
additional COF nanosheet layer applied to shield the enzyme
from environmental exposure (Figure 2e). The choice of
PAN membranes was motivated by their uniform nanoscale
pores, which facilitate effective nanosheet deposition and
layering. Experimental results demonstrated that membranes
fabricated within a pressure range of 0.3-0.9 bar exhibited
consistent performance metrics. The resulting membranes,
designated as Ex@COF-y/PAN (where x represents enzyme
concentration and y the number of layering cycles), exhibited
uniform coloration ranging from orange-red to brown
(Figure S2). Characterization through scanning electron
microscopy (SEM) revealed a continuous, pinhole-free
structure, with membrane thickness increasing proportionally
from 14 to 51 pm as the number of layering cycles and enzyme
concentration increased (Figures 2f and S3-S7). Further struc-
tural insights were obtained from high-resolution TEM, which
displayed distinct periodic crystal lattice fringes with 2.65 nm
1D pore channels corresponding to the (010) facet of the COF
material, crystal lattice fringes with 2.65 nm 1D pore channels
corresponding to the (010) facet of the COF material,
indicating high crystallinity and porosity (Figures 2g, S8). This
observation was further validated by powder X-ray diffraction
(PXRD), which confirmed that the COF membrane
retained its crystallinity even after enzyme incorporation
(Figure S9).

Fourier transform infrared (FT-IR) spectroscopy of
E(@COF-15 and its precursors exhibited notable spectral
shifts. The appearance of an imine C=N stretch at 1610 cm™!
along with the vanishing of aldehydic C=0 stretch vibrations
from Dma and N—H stretch vibrations from Tab, suggesting
a high degree of polymerization (Figure S$10).[*] Moreover,
the emergence of an amide I band at 1660 cm™', associated
with C=O stretch vibrations, confirmed the successful
immobilization of lipase. The intensity of this band increased
with the enzyme solution concentration, reflecting higher
enzyme encapsulation (Figure S11). Additionally, the
shift of the amide I band to a higher wavenumber in
the immobilized state, compared to the free enzyme,
suggested a conformational change in lipase, likely to
an enzymatically active open-lid conformation within
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Figure 2. Materials synthesis and characterization. a) Schematic illustration of the synthesis of COF-TabDma nanosheets; inset shows Tyndall
light-scattering effect in the suspensions. b) SEM image showcasing the structure of COF-TabDma nanosheets. c¢) AFM image of COF-TabDma
nanosheets with an inset showing the height profile; the arrow indicates the scanning direction. d) TEM image of the COF-TabDma nanosheets. €)
Schematic depiction of the layer-by-layer assembly strategy used in constructing the membrane bioreactor. f) Cross-sectional SEM image of the
Eso00 @COF-15/PAN membrane, showing a thickness of 45 pm. g) High-resolution TEM image of the COF membrane assembled by the COF
nanosheets. h) CLSM images of the fluorescein isothiocyanate-labeled Esogo @COF-15/PAN membrane.

the hydrophobic membrane environment. This change is
attributed to hydrophobic interactions.?*>3]

To assess the distribution of lipase within the composite
membrane, we employed fluorescein isothiocyanate (FITC)
to label the enzyme molecules for visualization. Confocal
laser scanning microscopy (CLSM) revealed a uniform
distribution of FITC-labeled lipase, visible as green fluores-
cence across the E;@COF-y/PAN membrane (Figure 2h).
This indicated a homogeneous enzyme dispersion within
the COF layers. A comparative experiment highlighted the
advantages of the layer-by-layer assembly method. When
COF nanosheets were first formed into a membrane via
vacuum filtration, followed by enzyme filtration, CLSM
images showed limited enzyme localization, with enzyme
molecules confined primarily to the membrane surface. This
comparison demonstrated that the layer-by-layer approach
significantly improves immobilization efficiency, enhancing
enzyme protection and activity (Figure S12).

Thermogravimetric analysis (TGA) of the membrane
bioreactors showed weight loss between 270 and 335 °C, with
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the extent of loss increasing proportionally with enzyme pre-
cursor concentration. This trend indicated that higher enzyme
concentrations resulted in greater enzyme embedding within
the membrane (Figure S13). To quantify enzyme loading,
the COF membranes were digested, and nuclear magnetic
resonance (NMR) analysis was performed (Figure S14).
Results demonstrated that enzyme loading could be pre-
cisely controlled by adjusting enzyme solution concentration:
higher precursor concentrations resulted in higher loadings.
For instance, E25()()@COF-15/PAN, E5()()()@COF-15/PAN, and
E10000@COF-15/PAN exhibited enzyme loadings of 16.4 wt. %,
21.9 wt.%, and 29.1 wt.%, respectively. Notably, a linear
relationship was observed between membrane thickness and
enzyme loading, suggesting that enzyme molecules predom-
inantly occupy the interlayer spaces of the COF sheets
rather than the pores (Figure S15). To verify the uniformity
of enzyme dispersion, membranes assembled with different
layer-by-layer cycles were compared. Esjo@COF-4/PAN,
E5000@COF-8/PAN, and Esoo()@COF-lS/PAN showed enzyme
loadings of 20.7 wt.%, 20.2 wt.%, and 21.9 wt.%, respectively,
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Figure 3. Comparative enzymatic performance of membrane bioreactors and batch systems. a) Schematic illustration of the experimental setup for
membrane catalysis. b) Time-dependent permeate volumes under vacuum suction of 0.05 bar for various membrane bioreactors. c) Membrane flux
as a function of vacuum suction pressure. d) Comparative catalytic efficiency across different systems after 30 min of reaction. Error bars represent
the standard deviation from three independent trials for each catalytic system. e) Time-dependent conversion of 1-phenylethanol catalyzed by

Eso00 @COF-15 powder and the free enzyme. Reactions were performed with a 1.8 mL solution of 1-phenylethanol (5 mM) and vinyl acetate (15 mM)
in hexane, stirred at room temperature. The reaction volume correlates with the permeate volume of the Esgoo @COF-15/PAN membrane reactor,
using 8.0 mg of Esgoo @COF-15 powder (equivalent to the biocomposite enzyme in the membrane) and 1.8 mg of free enzyme (matching enzyme
loading). Product yields were determined using gas chromatography (GC), with values validated through three independent experiments. f) Kinetic
parameter comparison between Esgoo @COF-15/PAN and Esqoo @COF-15 powder.

confirming consistent and homogeneous enzyme distribu-
tion across the layers. Furthermore, the enzyme exhibited
excellent integration and stability with the COF nanosheets.
Even after extensive washing with water, Esy0@COF-15/PAN
retained 19.9 wt.% enzyme content, demonstrating the
robustness of the immobilization method.

To assess the enzymatic performance of Ex@COF-y/PAN,
we conducted the kinetic resolution of racemic secondary
alcohols, driven by the need for enantiomerically pure alco-
hols in the industrial and pharmaceutical applications, which
can be achieved with high enantioselectivity through lipase-
mediated catalysis. 1-Phenylethanol was chosen as the model
substrate due to the high demand for its (S)-enantiomer in
these fields.’*°1 The experiments were performed using a
custom-built dead-end microfiltration device with an effective
area of 1.77 cm’. The feed chamber was supplied with a
hexane solution containing 5 mM 1-phenylethanol and 15 mM
vinyl acetate using a peristaltic pump (Figure 3a). Vacuum
suction was applied to facilitate the reaction. The bioreactor
demonstrated stable operational performance, as evidenced
by a linear relationship between flow volume and time under
constant pressure, along with a proportional increase in
membrane flux with increasing pressure (Figure 3b,c).

The E5p0@COF-15/PAN membrane reactor demonstrated
exceptional performance, achieving a theoretical conversion

Angew. Chem. Int. Ed. 2025, 64, 202505797 (4 of 8)

of 50.0% for 1-phenylethanol, with an enantiomeric excess
(ee) exceeding 99.0% (Figure S16). At a vacuum suction
of 0.05 bar, the membrane reactor displayed a flux of
407.6 L m~2 h™!' bar~'. Using Equation (1), the estimated
contact time required for complete conversion was only
7.95 s:[57:381

V eactor nrzh
tr = Rkt = 7/{ (1)

where, tz denotes the maximum reaction time, Vgzeueror 1S the
total volume of the membrane, k represents the slope of
the reactant flow volume over time, r is the radius of the
membrane reactor, and 4 is the thickness of the membrane.
In contrast, E25()0@COF-15/PAN and E]()()()()@COF'lS/PAN
membranes displayed lower conversion rates of 36.0%
and 44.9%, respectively, with flux values of 475.6 and
283.1 L m~2 h~! bar!. These results highlight the impact
of enzyme loading on catalytic performance: low enzyme
concentrations limit the number of available catalytic sites,
while excessively high enzyme loadings promote aggregation,
which blocks mass transfer channels and reduces accessibility
to active sites. This phenomenon was particularly evident
in the E;o0@COF-15/PAN membrane, which, despite its
longer contact time (13.51 s), exhibited a lower conversion
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rate compared to Esy@COF-15/PAN. Additionally, thinner
membranes, such as Esy@COF-4/PAN and Esy@COF-
8/PAN, demonstrated significantly higher flux values of 962.5
and 619.0 L m2 h™! bar™!, respectively. However, their
conversion rates were substantially lower, at 10.2% and
27.4%, respectively. These findings suggest that catalytic
activity primarily occurs within the membrane structure
and emphasize the critical importance of balancing enzyme
loading and membrane thickness to achieve optimal catalytic
performance (Figure 3d).

To highlight the superior catalytic performance of the
E5000@COF-15/PAN membrane reactor, its performance was
compared against both the free enzyme and the Es,@COF-
15 powder (derived from the membrane). Batch experiments
were conducted at room temperature under stirring con-
ditions, using reactant volumes equivalent to the permeate
volume from the membrane reactor. After 30 min, the
powder and the free enzyme achieved conversions of only
5.4% and 0.9%, respectively. Although longer reaction times
increased the conversion rates, the rate of improvement
gradually slowed. After 12 h, conversions reached 29.2%
for the powder and 4.6% for the free enzyme. After 48
h, these values rose to 37.0% and 8.6%, respectively, and
plateaued at 39.3% and 10.1% after 100 h. As a result, the
turnover frequency (TOF) values for the free enzyme and
the Espp@COF-15 powder were 1018 and 254 times lower,
respectively, compared to the Esy@COF-15/PAN membrane
bioreactor (Figure 3d,e). For a more balanced comparison,
we also evaluated the TOF values of the free enzyme against
Es5000@COF-4/PAN, which exhibited a similar conversion rate
(10.1% vs. 10.2%). The TOF value of the free enzyme was
2581 times lower, further underscoring the advantages of
constructing membrane bioreactors.

Kinetic studies were conducted to elucidate differences
between membrane reactors and batch systems. Lineweaver—
Burk plots showed excellent linearity (R*> > 0.99) for both
Es000@COF-15/PAN and the powder, confirming adherence
to Michaelis-Menten kinetics (Figures S17, S18).°%%] The
kinetic parameters (Figure 3f) revealed that the V,,.,/K,
ratio, a measure of enzyme-substrate efficiency, was 16.8-fold
higher for the membrane reactor compared to the powder.
Additionally, the membrane reactor exhibited a significantly
lower apparent K, (11.9 vs. 416.7 for the powder), indicating
enhanced substrate accessibility due to vacuum suction and
reduced substrate retention.

To explore by-product effects, we introduced (S)-1-
phenylethanol and acetaldehyde into the reaction mixture. In
batch systems with Esy@COF-15 powder, enzyme activity
dropped by 25.0% in the presence of (S)-1-phenylethanol
and 83.1% with acetaldehyde after 30 min. The efficiency
gap further widened over time (Figure S19). In contrast, the
membrane bioreactor exhibited minimal activity loss (4.3%
and 9.7%, respectively). Subsequent washing experiments
confirmed that enzyme deactivation was more pronounced
in the batch system: while the membrane fully restored its
activity, the powder catalyst only recovered 90% (Figure 4a).
These results highlight the critical role of continuous by-
product removal in maintaining enzyme performance, a key
advantage of membrane-based catalysis.
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Molecular dynamics (MD) simulations were conducted
to examine the transport kinetics of reactants, products, and
the solvent—namely 1-phenylethanol, 1-phenylethyl acetate,
acetaldehyde, and hexane—through the COF-TabDma mem-
brane (Figure S20). The results showed that hexane, serving
as the solvent, exhibited the fastest transmembrane transport,
followed by acetaldehyde (Figure 4b,c). The rapid diffusion
of hexane increases reactant concentration within the reactor,
while the efficient removal of acetaldehyde mitigates its
inhibitory effects on the reaction. This differential transport
behavior significantly improves the efficiency of the COF
membrane reactor by maintaining elevated reactant concen-
trations and promoting the swift removal of reaction products.
In batch systems, however, the unreacted (S)-1-phenylethanol
and by-product acetaldehyde tend to accumulate, leading to
decreased reactant availability near enzyme molecules and an
increase in by-product concentration, ultimately impairing the
overall reaction efficiency.

To optimize the catalytic efficiency of the Esy@COF-
15/PAN membrane bioreactor, we systematically examined
the effects of reactant concentration and vacuum pressure.
A volcano-shaped trend was observed for the TOF of 1-
phenylethanol as vacuum pressure increased from 0.05 to
0.5 bar, followed by a decline when the pressure further
increased to 0.9 bar (Figure Sa). This trend suggests that
moderate vacuum pressure improves enzyme accessibility
and maintains an optimal reactant residence time, while
excessive pressure reduces residence time, thereby decreasing
conversion efficiency (Figure S21). Next, we investigated
the impact of varying initial 1-phenylethanol concentrations
(ranging from 2.5 mM to 0.4 M) while maintaining the vinyl
acetate concentration at three times that of 1-phenylethanol
under the optimized vacuum pressure of 0.5 bar. The TOF
increased with rising substrate concentrations but plateaued
at higher concentrations due to enzyme active site saturation
(Figure 5b). This behavior reflects an initial increase in
enzyme-substrate collisions at lower concentrations, transi-
tioning to a saturation phase where additional substrate no
longer enhances TOF. Under these optimized conditions, the
E5000@COF-15/PAN membrane reactor achieved a maximum
TOF of 26.8 h~! at a 1-phenylethanol concentration of 0.4 M
and a vacuum pressure of 0.5 bar—setting a new bench-
mark for the kinetic resolution of racemic 1-phenylethanol
(Figure 5c). Additionally, stability tests demonstrated that
the Es00@COF-15/PAN membrane retained over 95% of its
initial activity after 48 h, highlighting the exceptional long-
term stability of the immobilized lipase in the membrane
bioreactor system (Figure S22).

To assess the versatility of the membrane bioreactor,
we extended the study to the kinetic resolution of vari-
ous racemic secondary alcohols using vinyl acetate as the
acyl donor. Experiments were performed under optimized
conditions, maintaining a vacuum pressure of 0.5 bar and a
substrate concentration of 0.4 M. The Esy@COF-15/PAN
membrane reactor efficiently catalyzed the kinetic resolution
of several racemic secondary alcohols, including 2-hexanol,
1-(4-methylphenyl)ethanol, 1-hepten-3-ol, and 1-phenyl-2-
propanol, achieving TOF values between 3.1 and 26.8 h™!
(Figure 5d). To further demonstrate the superior performance
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Figure 4. Demonstrating the role of mass transfer. a) Assessment of catalytic performance under various conditions: i) a mixture of 1-phenylethanol
(5 mM) and vinyl acetate (15 mM) in hexane; ii) a mixture of 1-phenylethanol (5 mM), vinyl acetate (15 mM), and (S)-1-phenylethanol (2.5 mM) in
hexane; iii) a mixture of 1-phenylethanol (5 mM), vinyl acetate (15 mM), and acetaldehyde (2.5 mM) in hexane; and iv) a hexane-washed catalytic
system with 1-phenylethanol (5 mM) and vinyl acetate (15 mM) in hexane. Error bars represent the standard deviation from three independent trials
for each catalytic system. b) Transmembrane molecular permeation kinetics of the reactants and products across the COF membrane, as determined
by MD simulations. ¢) MD simulation snapshots showing the transmembrane behavior of key molecules (grey: COF-TabDma layers; green:

1-phenylethanol; red: acetaldehyde; and dark yellow: 1-phenylethyl acetate).
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Figure 5. Comparative analysis of enzymatic performance and reaction scope. a) Investigation of the impact of vacuum suction on the TOF of
Eso00 @COF-15/PAN using 1-phenylethanol (5 mM) and vinyl acetate (15 mM) in hexane. b) Analysis of the effect of varying 1-phenylethanol
concentrations on the TOF of Esgoo @COF-15/PAN, maintaining vinyl acetate at three times the concentration of 1-phenylethanol under a vacuum
suction of 0.5 bar. ¢) Comparison of the Esgoo @COF-15/PAN membrane reactor with other catalytic systems documented in Table S1. d) Evaluation
of the catalytic performance of the Esooo @COF-15/PAN membrane in the kinetic resolution of various racemic secondary alcohols. Error bars
represent the standard deviation from three independent trials for each catalytic system.

of the membrane bioreactor, we applied it to the alcoholysis
of aspirin methyl ester to produce methyl salicylate, a key
intermediate in the chemical industry.[61] The Esqo@COF-
15/PAN membrane reactor achieved an impressive TOF of
17.3 h™! when using a 1 M aspirin methyl ester ethanol
solution as the reactant, operating under a vacuum pressure of
0.3 bar. In contrast, the corresponding powder biocomposite
resulted in a conversion of 12.1% after 3 h, while free lipase
achieved a conversion of only 8.8% after 100 h. Accordingly,
the TOF values were calculated as 17.3 h™! for E5y@COF-
15/PAN, 2.87 h™! for Espy@COF-15 powder, and 0.06 h~! for
free lipase (Figures 6a and S23-S25).

Conclusion

In summary, this study underscores the exceptional potential
of COF nanosheets as substrates for enzyme immobilization,
paving the way for the development of highly efficient mem-
brane bioreactors. The innovative layer-by-layer assembly
technique presented here successfully addresses persistent
challenges, including: aligning pore channel dimensions with

Angew. Chem. Int. Ed. 2025, 64, 202505797 (6 of 8)

enzyme molecule sizes and avoiding unfavorable chemical
conditions during chemical modification or de novo assembly.
Furthermore, the intrinsic porosity and interlayer spacing of
COF nanosheets significantly enhance reactant accessibility,
while the continuous membrane catalysis system mitigates
enzyme exposure to harmful chemicals. This design not
only improves catalytic efficiency and minimizes by-product
inhibition but also ensures long-term operational stability—a
key advantage over conventional batch systems.

The adaptability of this approach is further demonstrated
by its successful application to various enzymes. For
example, lysozyme, a widely used enzyme, was effectively
incorporated into membrane reactors (Lysozyme@COF/
PAN) using the same strategy, showing superior enzymatic
efficiency compared to both the corresponding powder
form (Lysozyme@COF) and the free enzyme (Figures 6b,
and S26-S30). Specifically, Lysozyme@COF/PAN,
Lysozyme@COF, and free lysozyme achieved conversion
rates of 85.2%, 49.0%, and 27.4%, respectively, in the
hydrolysis of chitobiose. Moreover, the flexibility of this
method, combined with the broad range of molecular
building blocks available for COF synthesis, enables the

© 2025 Wiley-VCH GmbH
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Figure 6. Superior catalytic performance of the membrane bioreactor and the versatility of the layer-by-layer assembly strategy for different enzymes
and COF nanosheets. a) Reaction scheme for the hydrolysis of methyl aspirin, along with a comparison of catalytic efficiencies across different
systems. b) Reaction scheme for the hydrolysis of chitobiose, along with UV-vis spectra of various catalysts in the hydrolysis of chitobiose in 0.1 M
acetate buffer. A decrease in absorbance at 420 nm correlates with an increase in enzymatic activity. c) Synthetic pathway for COFoy nanosheets and
a comparison of catalytic efficiency between the corresponding membrane bioreactor, powder biocomposite, and free lipase. Error bars represent the

standard deviation from three independent trials for each catalytic system.

tailored design of microenvironments optimized for specific
enzymatic reactions. For example, lipase was immobilized
using COFop nanosheets synthesized from Tab and 2,5-
dihydroxyterephthalaldehyde. While this system showed
slightly lower catalytic efficiency compared to the COF-
TabDma-based membrane bioreactor—specifically in the
kinetic resolution of racemic secondary alcohols and the
alcoholysis of aspirin methyl ester—this behavior is consistent
with previous findings that lipase activity is enhanced
in hydrophobic environments (Figure 6c, and S31-S36).
Nevertheless, the resulting membrane bioreactor significantly
outperformed both the powder counterpart and the free
enzyme under batch conditions (Figures S37). Moreover, the
COF membrane bioreactor maintained its stability during
catalysis, as shown by the intact morphology (Figure S38).
Overall, this work establishes a solid foundation for the
precise engineering of advanced membrane bioreactors,
addressing key challenges in biocatalyst immobilization.
By enabling scalable, efficient, and sustainable biocatalytic
processes, this approach opens new avenues for diverse
applications in industrial biotechnology and beyond.
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