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ABSTRACT: In the drive toward green and sustainable methodologies
for chemicals manufacturing, biocatalysts are predicted to have much to
oﬀer in the years to come. That being said, their practical applications
are often hampered by a lack of long-term operational stability, limited
operating range, and a low recyclability for the enzymes utilized. Herein,
we show how covalent organic frameworks (COFs) possess all the
necessary requirements needed to serve as ideal host materials for
enzymes. The resultant biocomposites of this study have shown the
ability boost the stability and robustness of the enzyme in question,
namely lipase PS, while also displaying activities far outperforming the
free enzyme and biocomposites made from other types of porous
materials, such as mesoporous silica and metal−organic frameworks,
exempliﬁed in the kinetic resolution of the alcohol assays performed.
The ability to easily tune the pore environment of a COF using monomers bearing speciﬁc functional groups can improve its
compatibility with a given enzyme. As a result, the orientation of the enzyme active site can be modulated through designed
interactions between both components, thus improving the enzymatic activity of the biocomposites. Moreover, in comparison
with their amorphous analogues, the well-deﬁned COF pore channels not only make the accommodated enzymes more
accessible to the reagents but also serve as stronger shields to safeguard the enzymes from deactivation, as evidenced by superior
activities and tolerance to harsh environments. The amenability of COFs, along with our increasing understanding of the design
rules for stabilizing enzymes in an accessible fashion, gives great promise for providing “oﬀ the shelf” biocatalysts for synthetic
transformations.

■

INTRODUCTION

been investigated in the quest for the optimal performance of
immobilized enzymes.5 However, the lack of functionality of
these materials for providing speciﬁc interactions with enzymes
remains a frontier issue. Recently, metal−organic frameworks
(MOFs) have been gaining popularity as vectors for enzyme
immobilization, due to their remarkable structural/chemical
design variety as well as their unparalleled surface tunability.6 In
spite of these notable advantages, the issues associated with
their long-term water/chemical stability and the potential
leaching of unwanted toxic metal ions have to be addressed to
achieve the desired enzyme-MOF composite.7 Therefore, the
development of alternative host materials is imperative for
targeting both high enzyme loading and enhanced stability.
Materials featuring no metal ions, high chemical stability,
functional modularity, and long-range order are highly
desirable.

Cell-free enzyme catalysis has not found widespread industrial
adoption, despite decades of active research, because the
challenges associated with the durability and turnover outweigh
the touted advantages of replacing enzymes with synthetic
catalysts.1 Coupling enzymes with solid supports aﬀord a
unique opportunity to shield them from deactivation, provide
potential for recyclability, and increase the operational stability.
This is achieved by taking advantage of the chemical and
mechanical properties of the host materials.2 Among various
developed strategies for enzyme immobilization, inﬁltration
within pores holds great promise, on account of the mild
operating conditions, whereby the entrapped enzymes undergo
minimal chemical modiﬁcations, leaving intact the enzymatic
structure to maintain its activity.3
Signiﬁcant eﬀorts have been made to develop advanced
materials for encapsulating enzymes in a stable and convenient
manner for use in enzymatic catalysis.4 A range of porous
supports, such as Celite, zeolites, and mesoporous silica, have
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Figure 1. (a) Graphic view of lipase PS and porous materials used for the immobilization of enzymes (blue, N; gray, C; red, O; white, H; yellow, Si;
purple, Na). (b) Enzyme uptake capacity of various porous materials after incubation in lipase PS solution (30 mg mL−1) for 6 h (see also Table S1).

Furthermore, COFs with the same reticular yet diﬀerent
functionalities were compared. This was to show that the
customizable surface characteristics are well suited to create a
stabilizing microenvironment for enzymes through designed
host−guest interactions. These ﬁndings suggest design rules of
host frameworks in enzyme-immobilization applications.

Covalent organic frameworks (COFs), built by strong
organic covalent bonds in a periodic arrangement entirely
from light elements (i.e., H, B, C, N, and O), have exploded as
a new area of materials research in the past decade.8 The
inherently low density and high surface area of many COFs,
along with their crystallinity, lends themselves as intriguing
materials for a plethora of potential applications pertaining to
gas storage/separation,9 catalysis,10 optoelectronics,11 proton
conduction,12 environmental remediation,13 and many more.14
We postulate that COFs present an attractive category of host
matrix candidates, which combine key features relevant to
enzyme immobilization, namely tunability, porosity, crystallinity, and stability. With their customizable composition, the
functional groups on their surfaces can be readily tailored to
favor speciﬁc interactions between COFs and enzymes, thereby
enabling the modulation of enzymatic activity to be rigorously
controlled. In addition, COFs provide continuous and conﬁned
open channels at the nanoscale, aﬀording an accessible high
surface area interface for inﬁltrating enzymes and pathways for
allowing rapid transportation of reagents, while the well-deﬁned
and relatively small pore size impedes the aggregation of
enzymes. Moreover, the structural robustness of COFs
represents an important attribute in comparison with most of
their MOF analogues.
In view of enzymatic catalysis, lipases constitute one of the
most useful moieties in the current scenario of biocatalysis. This
is due in part to their commercial availability and versatile
catalytic behavior, showing exceptional performance in a variety
of reactions.15 Nonetheless, they also suﬀer from low stability
and lack of recyclability.16 For these reasons, lipases are the
enzyme of choice for this proof-of-concept study. We show
herein that mesoporous COFs possess all the necessary traits to
be promising host frameworks for inﬁltration of enzymes. This
is demonstrated by a signiﬁcant enhancement of the native
enzymatic performance as well as the additional beneﬁts of
recyclability and resistance to a wide range of environmental/
industrial conditions. The immobilized enzyme was characterized by its superior performance compared to the free
enzyme and to methods utilizing other types of related porous
materials such as MOFs (PCN-128y) and mesoporous silica
(MCM-41). In addition, to reveal the role of the long-range
order porous structure of COFs, amorphous polymers with the
same composition were employed as host matrices. These gave
rise to inferior performance compared to that of the COFs in
terms of both enzyme uptake capacity and catalytic activity.

■

RESULTS AND DISCUSSION
Materials Preparation, Physiochemical Characterization, and Enzyme Uptake Capacity Evaluation. To carry
out this study, TPB-DMTP-COF (hereafter denoted as COFOMe), synthesized by the condensation between dimethoxyterephthaldehyde (DMTP) and 1,3,5-tris(4-aminophenyl)benzene (TPB), was initially chosen as a host material, due
to its extraordinary stability, high surface area, and ordered onedimensional (1D) channel-like pores (Figures 1a and S1).17 We
reasoned that the large mesoporous channels of COF-OMe
(3.3 nm) should be suitable for conﬁning but not constricting
Amano lipase PS (from Burkholderia cepacia), a protein (3.0 nm
× 3.2 nm × 6.0 nm) featuring a small-axis length of ∼3.2 nm
(Figure 1a). To immobilize the enzyme, COF-OMe was treated
with a phosphate buﬀer solution of lipase PS (30 mg mL−1, pH
= 7.0) at room temperature. The resultant material was then
washed with water two times to remove the loosely adsorbed
lipase PS species on the surface, aﬀording the composite
denoted as lipase@COF-OMe. The uptake capacity of lipase
PS by COF-OMe was obtained via a bicinchoninic acid (BCA)
assay using UV−vis spectroscopy to detect the concentration of
lipase PS in the original solution as well as the combination of
the supernatant and washing solutions after immobilization
(see details in the Supporting Information). An equilibrium
uptake of 0.95 mg mg−1 (average of three individual batches)
was reached within 6 h. To validate the UV−vis results,
elemental analysis was performed. Based on the N element
content before and after inﬁltration of lipase PS, the enzyme
uptake was calculated to be 0.89 mg mg−1, which is consistent
with that of the UV−vis results. In addition, lipase@COF-OMe
showed an extra FT-IR peak at 1648 cm−1 in comparison with
pristine COF-OMe, which was associated with the amide
groups of the enzyme (Figure S2),18 thus conﬁrming the
enzyme incorporation. The overall morphology of COF-OMe
remained unchanged after the enzyme inﬁltration as revealed by
the SEM images (Figure S3). EDX mapping showed the
homogeneous distribution of N, S, and O elements in lipase@
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Figure 2. (a) Simulated and experimental PXRD patterns and (b, c) N2 sorption isotherms collected at 77 K and corresponding pore size
distribution based on the nonlocal density functional theory method.

Figure 3. Schematic illustration of the translocation of enzyme into the pore channels.

COF-OMe (Figure S4). To further determine the distribution
of lipase PS in the resultant composite, ﬂuorescent probe
ﬂuorescein isothiocyanate (FITC) was used to label the enzyme
molecules. From the confocal laser scanning microscopy
(CLSM), it can be observed that FITC-lipase PS (green) is
present throughout lipase@COF-OMe, thereby providing a
clear demonstration that the enzyme homogeneously accommodates in the crystalline framework (Figure S5).
Powder X-ray diﬀraction (PXRD) patterns veriﬁed that the
crystalline structure of COF-OMe was retained after enzyme
encapsulation. However, the relative intensity of the ﬁrst peak
corresponding to the (100) peak decreased, which can be
presumably attributed to the presence of a multitude of ﬂexible
enzymes situated in the pores of COF-OMe, which weakens
the diﬀractions (Figure 2a).13a Nitrogen sorption isotherms
measured at 77 K indicate that the BET surface area of COFOMe decreases from 1740 m2 g−1 to 784 m2 g−1 after
entrapment of lipase (Figure 2b). The density functional theory
pore-size distribution analyses of COF-OMe and lipase@COFOMe showed that both of the samples have a pore size
centered at 3.3 nm (Figure 2c), whereas the pore volume
corresponding to the hexagonal channels dropped from 1.62
cm3 g−1 to 0.59 cm3 g−1 after lipase PS encapsulation. These
results are consistent with the contention that a considerable
portion of the enzyme occupies within the pore channels.
Albeit the pores of the COF are partially occupied by the
enzymes, the surface area of the biocomposite is still impressive,
and the remaining pore volume and apertures of the COF can
enable the reactants to readily access the enzymes situated in
the pore channels. Together, these results suggest that COFs

may serve as a promising alternative platform for enzyme
inﬁltration.
It is well-known that protein migration into the pores of
materials is initiated by surface contacts,19 reminiscent of that
seen in biological mechanisms associated with protein transport
through membranes (Figure 3). In this sense, the pore
environment of the host matrix is of essential importance,
given that the pore surface forms a microscopic interface with
guest molecules. Therefore, varying forces are in eﬀect during
the uptake as well as the consequential catalytic performance.
To investigate the eﬀect of pore surface properties as a result
of varying host matrices’ composition on the enzyme uptake,
two other representative types of porous materials were
selected for comparison. One is an inorganic material,
mesoporous silica MCM-41 with a two-dimensional hexagonal
pore structure (pore diameter ca. 40 Å, BET = 1008 m2 g−1,
Figures 1a and S6).20 The other is an organic−inorganic hybrid
material, mesoporous MOF PCN-128y (Zr) containing two
types of 1D channels, a hexagonal channel with a diameter of
4.3 nm and a triangular channel with a diameter of 1.5 nm
(BET = 2680 m2 g−1, Figures 1a and S7).21 As shown in Figure
1b, they gave rise to lipase PS uptake capacities of 0.35 and 0.64
mg mg−1, respectively, after incubating in the 30 mg mL−1
lipase PS stock solution for 6 h (a prolonged adsorption time
did not yield obvious improvements), thereby suggesting that
COFs act as favorable candidates for lipase immobilization in
view of uptake capacity. To further illustrate the beneﬁt of using
COFs as a platform for accommodating enzymes, the
performance of another COF material (COF-V, BET = 1150
m2 g−1, Figures 1a and S8−S10)13a which is isostructural to
COF-OMe, synthesized by the condensation of 1,3,5-tris(4986
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Figure 4. Catalytic performance comparison of various biocomposites. (a) Reaction equation. (b) Plots of conversion of kinetic resolution of 1phenylethanol with vinyl acetate as the acyl donor over various lipase PS inﬁltrated porous materials. (c) Enlarged section of blue rectangle in A
(lines are guidelines for the eyes). Reaction conditions: 1-phenylethanol (0.25 mmol), vinyl acetate (0.75 mmol), hexane (1.2 mL), catalyst (2.5 mg),
and 45 °C.

similarity of pore structures and the importance of hydrophobicity over surface area (comparison among COF-V, COFOH, and COF-ONa), these results support the hypothesis that
the hydrophobic pore environment is favorable for the
inﬁltration of lipase PS.
Apart from the surface properties, the uniform open-pore
structure may also be propitious for enzyme immobilization. To
investigate the role of the ordered 1D channel in the
encapsulation of guest molecules, an amorphous analogue of
COF-OMe was synthesized by the condensation between
dimethoxyterephthaldehyde and 1,3,5-tris(4-aminophenyl)benzene in DMSO. The resultant material (POP-OMe, BET:
1056 m2 g−1, Figures S18 and S19) gave an enzyme uptake of
0.58 mg mg−1, only 65% of that achieved by employing COFOMe. The same trend was also found in the case of COF-V and
its amorphous analogue POP-V (0.78 mg mg−1 vs 0.50 mg
mg−1, Figures S20 and S21). It is therefore indicated that the
disordered and discontinued pore channels signiﬁcantly
compromise the uptake capacity, demonstrating the great
advantage of the rigid and uniformly open porous COFs over
amorphous porous polymers.
Interpreting these results, it is suﬃciently concluded that the
ordered hydrophobic pore channels show considerable
potential for high lipase PS loading, provided that (1) the
hydrophobic environment gives an impetus to drive the enzyme
in buﬀer aqueous solutions into the pore channels and provides
a high aﬃnity for protein molecules, and (2) the ordered
channels aﬀord ideal room for the enzyme to be “comfortably”
hosted, which may aﬀect the accessibility of the enzyme and
thereby its activity. Therefore, the intrinsic hydrophobicity of
the majority of COFs as a result of their compositions and
crystallinity makes them stand out from other porous materials
for lipase immobilization.

aminophenyl)benzene and 2,5-divinylterephthalaldehyde, was
evaluated. Under identical conditions, COF-V showed a lipase
PS uptake capacity of 0.78 mg mg−1, which is slightly inferior to
that of COF-OMe, ascribed to the lower surface area, but
outperforms that of MCM-41 and PCN-128y. These porous
materials have comparable aperture sizes and ordered pore
structures, together with MCM-41 and COF-V exhibiting
similar surface areas, yet MCM-41 aﬀords half the uptake
amount of COF-V, whereas PCN-128y with much higher
surface area compared with other materials tested does not
show high adsorption performance. Taking this into account we
deduce that rather than the textural features, the diﬀerent
chemical compositions of these materials seem to be
responsible for the distinct disparity in enzyme loading.
Diﬀerent pore surface environments of host matrices result in
diverse host−guest interactions, and therefore diﬀerent
adsorption mechanisms are likely involved in various
adsorbents for enzyme uptake. Notably, in addition to
hydrogen-bonding and van der Waals forces, which exist in
all cases among the materials tested, COF-OMe and COF-V
are expected to have hydrophobic−hydrophobic interactions
with lipase PS.
To gain better insight into the eﬀect of pore hydrophobicity
on the enzyme uptake, two isoreticular structures to COF-OMe
with hydrophilic properties were prepared for comparison
(COF-OH and COF-ONa, see Figure S11 water contact angle
results). COF-OH (BET = 1620 m2 g−1, Figures 1a and S12−
S14) was obtained by the condensation of 1,3,5-tris(4aminophenyl)benzene and 2,5-dihydroxyterephthalaldehyde,14b
and further treatment of COF-OH with a NaOH aqueous
solution yielded COF-ONa (BET = 1492 m2 g−1, Figures 1a
and S15−S17). COF-OH and COF-ONa exhibited lipase PS
uptake capacities of 0.75 and 0.59 mg mg−1, respectively, which
are lower than both COF-OMe and COF-V. Given the
987
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Figure 5. (a) Enzymatic activity assays in the kinetic resolution of 1-phenylethanol with vinyl acetate using acetonitrile as the solvent. (b and c) The
retention of enzymatic activities after treatment under various conditions. (d) Recycling tests of lipase@COF-OMe and free lipase PS. Reaction
conditions: 1-phenylethanol (0.25 mmol), vinyl acetate (0.75 mmol), hexane (1.2 mL), catalyst (2.5 mg), and 45 °C.

Enzymatic Activity Assay. Given the importance of
enantiomerically pure alcohols and the highly enantioselective
resolution activity of lipases, the kinetic resolution of racemic 1phenylethanol with vinyl acetate as the acyl donor was chosen
as a representative reaction to determine the eﬀect of surface
properties and pore architecture of the host materials on the
activity of encapsulated enzymes.22 Considering that lipase PS
is characterized by superior performance upon exposure to
nonpolar organic solvents, reactions were performed using
hexane as the medium with 1-phenylethanol and vinyl acetate
in the presence of the same amount of biocomposites (2.5 mg).
For comparison, the activity of free lipase PS was also
evaluated. It is worth mentioning that there is only one
conformation product detected for all the lipase PS-involved
catalytic systems (Figure S22). Time-dependent 1-phenylethyl
acetate yields were monitored (no product was detected in the
absence of lipase PS), and only 3% conversion of 1phenylethanol was observed for free lipase PS (2.5 mg) after
30 min. Prolonging the reaction time to 15 h, a 29% 1phenylethyl acetate yield was achieved. In sharp contrast,
lipase@COF-OMe and lipase@COF-V exhibited 34% and 26%
conversions of 1-phenylethanol, respectively, after 10 min, and
both of the catalytic systems aﬀorded higher than 49%
conversion within 30 min (the theoretical yield is 50%),
placing them among the best catalysts (Table S2). It is

interesting to note that the enzymatic performance was
compromised with increasing hydrophilicity of the COF
materials, but their activities are still impressive. Lipase@
COF-OH and lipase@COF-ONa provided 1-phenylethyl
acetate yields of 29% and 13%, respectively, after 30 min,
which far outperforms that of the free enzyme. Under identical
conditions, lipase@MCM-41 and lipase@PCN-128y showed
unsatisfactory activities, giving rise to 9% and 14% conversions
of 1-phenylethanol after 15 h, respectively, much inferior to
that of free lipase PS and all the COF-based biocomposites
(Figure 4). The huge discrepancy in enzymatic activities of the
catalytic systems tested is likely caused by two reasons, diﬀerent
lipase loading and a possible change of the enzyme
conformation after immobilization due to diﬀerent host−
guest interactions involved. In this context, to exclude the
catalytic performance diﬀerence as a result of enzyme loading, a
biocomposite with a lower lipase loading amount was
synthesized by incubation of COF-OMe in a 10 mg mL−1
lipase phosphate buﬀer aqueous solution to yield a catalyst with
a lipase PS loading amount of 0.21 mg g−1. Again, the COF
host material favored superior activity, and a 38% conversion of
1-phenylethanol was observed after 30 min. Given that the
trend of activities is unparalleled to that of enzyme loading, this
suggests that the pore environment of the host materials has an
important eﬀect on the performance of the encapsulated
988
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performance under polar solvents. To test this assumption, the
reactions were carried out using acetonitrile as the solvent
(Figure 5a). It is noteworthy that the activities of lipase@COFOMe and lipase@COF-V in acetonitrile were still remarkable,
although inferior to those using hexane as the reaction media,
giving 45% and 42% conversions of 1-phenylethanol,
respectively, after 12 h. Under identical conditions, lipase@
COF-OH and lipase@COF-ONa only showed 22% and 7%
conversions, respectively, while lipase@POP-OMe and lipase@
POP-V resulted in 28% and 23% conversions, respectively, and
no detectable product yields were observed for free lipase PS,
lipase@MCM-41, or lipase@PCN-128y. In addition to
acetonitrile, higher activities were also observed for lipase@
COF-OMe relative to that of free lipase PS in other polar
systems such as water or water/DMSO mixture solutions
(Table S3). These results indicate that the hydrophobic COF
channels are ideal for the accommodation of lipase PS, greatly
improving its tolerance to the solvent.
Given the high enzyme uptake capacity and superior catalytic
performance of the encapsulated enzymes, COF-OMe was thus
chosen as a representative sample for further studies. In nature,
biomineral coatings are universally used to protect tissue from
its surrounding environment. This motivated us to examine
whether COF walls could provide a similar shield that would
enable the inﬁltrated enzymes to withstand extreme conditions
(for example, high temperature or stringent reaction media)
that would normally lead to the denaturation of the enzymes.
Success in this endeavor would signiﬁcantly increase the
potential for the applications of enzymes where enhanced
thermal stability, tolerance to reaction media, or extended shelflifetime is required.24 To assess the shield eﬀect of the COF
host on the enzyme’s thermal stability, we measured the extent
of kinetic resolution of racemic 1-phenylethanol with vinyl
acetate achieved over free lipase PS versus lipase@COF-OMe
after incubation at a range of temperatures and times. Both
show thermal stability when they were incubated below 60 °C
for 12 h. However, the incubation of free lipase PS at 100 °C
for 3 h results in an obvious loss of enzymatic activity for lipase
PS, as evidenced by a clear drop of 1-phenylethanol conversion
from 29% to 18% after 15 h reaction time. In contrast, lipase@
COF-OMe well retained its performance, giving rise to a
comparable conversion of 1-phenylethanol in relation to the
fresh catalyst (34% vs 33%) after 10 min (Figure 5b). When we
further increased the incubation temperature to 120 °C and
prolonged the treatment time to 24 h, lipase@COF-OMe still
showed remarkable stability, retaining around 75% of its
original activity (25% vs 34%). This compares with only 2%
conversion for an analogous experiment of the free enzyme. In
a further set of experiments, the same systems were immersed
in benzonitrile at 120 °C for 1 h. The free enzyme completely
lost activity, while the COF biocomposite achieved a 37% and
48% conversion after 30 min and 1 h, respectively,
demonstrating again the extraordinary protective properties of
the COF walls (Figure 5b). These ﬁndings suggest that the
conﬁned space of COF channels may provide the stability
necessary for the enzymes to retain their performance in
rigorous conditions. In this sense, to assess the importance of
the well-deﬁned pore channels in preserving catalytic function
of the enzyme, the tolerance of lipase@POP-OMe against hot
benzonitrile was evaluated. As shown in Figure 5c, the drop in
activity of lipase@POP-OMe is lower compared to free lipase
PS, indicating a certain degree of stabilization. However, the
activity drop is greater compared to lipase@COF-OMe. This

enzymes. Most lipases show interfacial activation, where an
amphiphilic α-helical loop, or “lid”, covering the active site of
the lipase in the native state (close state), will roll back and
bring full access to the catalytic triad (open state), therefore
resulting in a remarkably increased enzymatic activity.
Adsorption of lipases on hydrophobic supports is thought to
mimic this interfacial activation, facilitating the opening of the
hydrophobic lid and thus activation of the enzyme.23a The
hydrophobic character of COF-OMe and COF-V, which allow
for strong interactions between the hydrophobic groups
surrounding the entrance of the active site of the enzyme and
the support surface, accounts for the observed exceptionally
high activities (Figure 3). In contrast, when lipase PS is
anchored on the hydrophilic support, the lid would shield the
active site from the substrates as in the native state, thus
producing a depressed activity.23 To provide proof, FT-IR
analysis of lipase@COF-OMe and lipase@MCM-41was
performed (Figure S23). The free lipase PS and lipase@
MCM-41 show similar amide I bands at approximately 1642
cm−1, arising from a CO stretching vibration coupled with an
out-of-phase C−N stretching, and C−C−N deformation of the
peptide backbone. On the contrary, lipase@COF-OMe exhibits
an obvious shift of the amide I band to a higher wavenumber
(1679 cm−1), implying a diﬀerent conformation of lipase in this
material, which can be explained by a structural transition of the
entrapped protein to the open-lid or the enzymatic active
conformation.18 The change of the secondary structure of the
protein after inﬁltration in COF-OMe was also conﬁrmed by
circular dichroism spectroscopic analysis, as detailed in Figure
S24.
To demonstrate the eﬀect of pore structures on the
performance of the inﬁltrated enzymes, the catalytic activity
of lipase@POP-OMe was evaluated. After 10 min, it aﬀorded a
1-phenylethyl acetate yield of 16%, which is less than half as
much achieved by employing lipase@COF-OMe. A similar
trend was also seen for lipase@COF-V and lipase@POP-V,
which gave rise to 26% and 11% conversions of 1-phenylethanol, respectively. Considering that POP-OMe and POP-V
have the same chemical composition as that of COF-OMe and
COF-V, the primary reason behind the huge disparity in
activities between COF-based and POP-based biocomposites
should stem from the pore structures. One possible explanation
is that the COFs provide continuous nanometer-scale channels
which assist in proper orientation of the enzyme molecule due
to hydrophobic interactions. Such orientation of the enzyme
molecules may decrease the mass transfer limitation of
substrates and thus increases the reaction conversion, compared
to the randomly orientated ones. In contrast, due to the
irregular pores of POPs, part of the enzymes were plunged in
small pores, which are inaccessible to the reagents, while some
of them may aggregate in the relatively larger pores. All of this
would compromise the enzymatic activity, thus underscoring
the superiority of using COFs as a new type of platform for
enzyme immobilization in comparison with their amorphous
analogues.
As demonstrated above, lipase PS encapsulated in hydrophobic COFs exhibits high activities in nonpolar organic
solvents, however, a polar solvent is often required because of
substrate solubility issues. Therefore, enhancing the activity of
lipase in polar solvents is proﬁtable, which is believed to greatly
expand the utility of lipase in organic synthesis. We envision
that the strong hydrophobic interactions between the COFs
and the enzymes are beneﬁcial for sustaining the enzymatic
989
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products could still be obtained in useful yields by prolonging
the reaction time.
To yield high volumetric activity for a higher productivity
and space-time yield and to examine the enzyme accessibility
after immobilization, composites with diﬀerent enzyme
loadings were prepared and tested for kinetic resolution of
racemic 1-phenylethanol with vinyl acetate. As shown in Figure
S27, volumetric activity of the resultant biocomposites
increased with the increment of the concentration of enzyme
buﬀer aqueous solutions from 10 mg mL−1 to 35 mg mL−1 (the
enzyme loading amount increased from 0.21 to 1.08, Table S4,
Figures S27−S29), aﬀording conversions of 1-phenylethanol
from 19% to 42% after 10 min. However, further increasing the
loading by treatment with the 40 mg mL−1 enzyme stock
solution did not result in increased activity (41%). This may be
due to high enzyme loading partly blocking the reactants to
access the enzymes situated in the channels of the COF.

indicates that the protection against enzyme deactivation is
more pronounced for COF-OMe, possibly because the welldeﬁned yet relatively small pore size can isolate the protein
molecules and prevent their aggregation and thereby
deactivation. Encouraged by the greater stability of lipase PS
after encapsulation in COF-OMe, we sought to investigate the
recyclability of lipase@COF-OMe, a signiﬁcant performance
metric for practical processes. Impressively, the catalyst could
be recycled at least 6 times without a drop in product yield and
enantioselectivity, indicating its excellent stability. Liquid 1H
NMR results indicate that no leaching of the enzyme was found
during the recycling, due to the strong interactions between the
COF and the enzyme as well as the low solubility of the
enzyme in hexane. In addition, a negligibly changed IR
spectrum of the recycled catalyst compared to that of the
fresh catalyst suggests the maintenance of enzyme conformation (Figure S25). Moreover, the crystallinity and porosity of
the composite were retained during the catalytic process, as
proven by the comparable PXRD pattern and surface area of
the reused lipase@COF-OMe relative to the fresh catalyst
(Figure S26). In contrast, the activity of free lipase PS was
reduced by more than 60% during the second use (29% vs 11%,
Figure 5d). To further demonstrate the long-term durability of
lipase@COF-OMe, relatively large-scale catalysis experiments
were conducted by employing 1-phenylethanol (2.0 g) and
catalyst (2.5 mg). After 48 h, a 48% 1-phenylethyl acetate yield
was observed, and outstandingly, similar values (47%) can be
aﬀorded by the recycled catalyst, thus indicating the robustness
of the catalyst.
Having established the eﬃciency of lipase@COF-OMe in the
kinetic resolution of 1-phenylethanol, we then studied the
scope of this catalyst for the kinetic resolution of other
secondary alcohols with vinyl acetate and found that it is
broadly applicable (Table 1). Alkyl-substituted alcohols, such as
2-octanol and 2-hexanol, were superb substrates and underwent
eﬃcient resolution with high enantiomer excess (ee) values.
Other aromatic alcohols, such as 1-phenyl-1-propanol and 1phenyl-2-propanol, were resolved with lower activity due to the
high steric hindrance, but highly enantiomerically enriched

■

CONCLUSION
In summary, we have demonstrated for the ﬁrst time that due
to the unique mesoporous structure and the tunable surface
chemistry, COFs provided both high aﬃnity for enzyme
loading and a favored microenvironment that enhanced the
enzymatic performance better than in other types of porous
materials reported. This proven enhancement showed their
utility with orders of magnitude higher catalytic activities
compared to free enzymes and biocomposites made from other
types of porous materials, in addition to easy recycling of the
catalyst and greatly improved stability. This investigation opens
new opportunities for developing COFs as a promising type of
host material for the immobilization and stabilization of
enzymes in a wide range of applications.
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Table 1. Lipase@COF-OMe-Catalyzed Kinetic Resolution of
Secondary Alcohols with Vinyl Acetatea
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