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In nature, enzymes in biofilms often lack robustness and chemical function-
ality. Covalent organic frameworks (COFs) have emerged as a robust platform
for enzyme immobilization, but mimicking biofilm structures for in-situ

enzyme immobilization remains challenging. Here, we report a biomimetic
strategy to synthesize COFs with various morphologies under mild conditions
using Gemini surfactants. These surfactants mimic phospholipid bilayers,
enabling in-situ enzyme immobilization. Controlled COFs morphologies
(vesicular and lamellar) are formed by cationic Gemini surfactants through
micelle or reverse micelle regulation. Enzymes with different charges induce
distinct COFs morphologies, which in turn affect enzyme activity. This work
offers insights into biomimetic morphology control of COFs and their appli-
cation in enzyme immobilization.

Enzymes serve as nature’s precision catalysts, exhibiting high selec-
tivity and excellent catalytic efficiency under relatively mild condi-
tions. They have been employed in a multitude of fields, including
biosensing, organic synthesis, biofuels, food industry, fine chemistry,
and pharmaceutical chemistry"’. However, the use of bare enzymes is
limited by their vulnerability to environmental changes and the diffi-
culty of recovering them for recycling®*. In nature, the enzymes in
biological systems are immobilized in biofilms in mild conditions, but
they usually suffer from insufficient robustness and limited chemical
functions. The liposomes that form microcapsules are shown to be
able to immobilize the enzymes®; however, the self-assembly capsules
or vesicles that are built by only surfactants still have shortcomings of
insufficient robustness, hindered diffusion, and limited chemical
functions. Thus, it is imperative to develop mild and stable biomimetic
immobilization systems for enzymes.

Recently, covalent organic frameworks (COFs) are shown as a
promising robust immobilizing platform for enzymes®~, but the study
of COFs to mimic the biofilm structure for enzyme immobilization
have been rarely reported. Given the structural and functional tun-
ability, as well as extraordinary porosity and crystalline structures,
COFs may serve as an effective robust substitute for liposomes in the
immobilization of enzymes'®™2. Recent advances in COF@enzyme
hybrids can be broadly categorized into post-synthetic immobilization

(e.g., physical adsorption®™, covalent bonding’®’) and in situ
encapsulation strategies***.. Post-synthetic methods, while effective in
preserving enzyme activity, often suffer from low loading capacities or
enzyme leaching due to weak interfacial interactions®. In contrast,
in situ approaches enable direct enzyme encapsulation during COF
synthesis, yet harsh reaction conditions (e.g., high temperatures,
organic solvents) frequently compromise enzyme integrity". Recent
innovation, such as sacrificial MOF templates*?**, have improved bio-
compatibility but introduce complexity in template removal or require
multi-step processes. Despite these efforts, a critical gap persists: the
lack of methodologies to dynamically regulate COFs morphology
while maintaining enzyme activity and structural precision, mimicking
the hierarchical organization of natural biofilms.

Herein, we develop a bionic strategy for the synthesis of a new
type of morphology controllable COFs towards robust enzyme
immobilization. The synthesis of the COFs was assisted by the Gemini
surfactants under two-phase micelle systems. A series of new Gemini
surfactants was designed as phase transfer catalysts to catalyze and
induce the self-assembly of COFs for in-situ immobilization of
enzymes. Unlike conventional COF-based immobilization methods,
our approach leverages the dual roles of cationic Gemini surfactants as
both phase-transfer catalysts and structural templates, enabling the
formation of vesicular or lamellar COFs under mild aqueous
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conditions. By mimicking phospholipid bilayers, these COFs create a
biomimetic interface that enhances enzyme stability while facilitating
substrate diffusion. By designing tailored geometries through inter-
actions between hydrophilic enzymes and charged surfactants, we
revealed that the enzymes induced the micelle transformation in the
Gemini surfactant systems, which indicates that the enzymes have
participated in the morphological transformation of COFs. The
enzymes that are immobilized within the COFs synthesized by Gemini
surfactants display higher stabilities and activities than that by mono-
cationic surfactants as well as other immobilization systems. Our bio-
mimetic strategy not only replicates the structural hierarchy of natural
biofilms but also introduces dynamic morphology control through
enzyme-surfactant interactions, thereby reveals the underlying rela-
tionship between morphology and performance. Moreover, the target
immobilization of enzymes based on their charge properties can be
realized.

Results

Synthesis strategy for morphological COFs

In biological system, the phospholipid bilayer of biofilm represents the
fundamental scaffold of biological membranes, providing effective
protection for proteins®. The phospholipid bilayer structure may be
mimicked by Gemini surfactants via self-assembly, which is based on
the unique structure of Gemini surfactants that comprise of two polar
headgroups, large hydrophobic tails, and low critical micelle
concentration?. Enlightened by the natural phospholipid bilayer
structures, it is promising to combine the Gemini surfactant with a
robust immobilizer, so as to mimic a “robust biological membrane”
and provide a biomimetic system as a new stable enzyme host.

Inspired by the phospholipid bilayer’s role in natural biofilms, we
hypothesize that Gemini surfactants—with their dual hydrophilic heads
and flexible hydrophobic tails—could serve as dynamic templates for
COF self-assembly. This approach combines the structural robustness
of COFs with the morphological adaptability of biomimetic systems,
addressing the limitations of current enzyme immobilization strate-
gies. Along this line, TpPa-COFs were prepared by reacting 1,3,5-tri-
formylphloroglucinol (Tp) with p-phenylenediamine (Pa) by the
designed Gemini surfactants in aqueous-oil two phases. As shown in
Fig. 1a, two surfactants were initially evaluated to synthesize TpPa-COF.
As evaluated by powder X-ray diffraction (PXRD) and nitrogen sorp-
tion isotherm measurements, the crystallinity and porosity are corre-
lated with the reaction conditions, such as surfactants, solvents and
stabilizers. The polymerization employing 4,4’-(ethane-1,2-diyl) bis (1-
cetylpyridine-1-ium) bromide (Cigpy-2-py16), and N', N*-dihexadecyl-N',
N!, N?, N*-tetramethylethane-1,2-diaminium bromide (Cy5.16) as sur-
factants with a concentration of 1 mg mL" enabled the quick synthesis
of COFs with well-defined morphologies in 10 min at 25 °C. The TpPa-
COFs formed in the presence of Cys.5.16 €xhibited the optimal XRD
diffraction pattern (Supplementary Fig. 1a), which consists of a series
of clear peaks at 4.7°, 8.2°,12.7° and 27.2°. The PXRD patterns of these
COFs match well with the literature results”’, which are assignable to
the facets of (100), (110), (120), and (001), respectively.

The FT-IR spectra (Supplementary Fig. 1b) of TpPa-COF (Cyg.2.16)
revealed the disappearance of the carbonyl stretching band of Tp
(1639 cm™) along with a series of new characteristic stretching bands at
1575 and 1240 cm?, which are originated from the C=C and C=N
stretching bands respectively, confirming the formation of S-ketoe-
namine COF frameworks. Besides the reported oil-in-water (O/W)
reaction system?, the water-in-oil (W/O) reaction system can also
result in good crystallization and high specific surface areas (Supple-
mentary Figs. 1c, 2¢). Furthermore, Cyepy-2-py16 iS another alternative
phase transfer catalyst, which can synthesize TpPa-COF in both O/W
and W/O systems (Supplementary Fig. 2). Meanwhile, the measure-
ments of ®*C NMR also proved the chemical structures of COF (Sup-
plementary Figs. 1d, 2d).

It was observed that the morphologies of TpPa-COF were mark-
edly influenced by the surfactants. As shown in Fig. 1b, the TpPa-COF
(Ci6216), Which is named as v-TpPa-COF (where the “v” indicates the
vesicular), shows a vesicular morphology (Fig. 1c-f, Supplementary
Figs. 3, 4). However, TpPa-COF (Cypy-2-py16), Which is named as [-TpPa-
COF (where the “/” indicates the lamellar), exhibits lamellar morphol-
ogy in both O/W and W/O (Fig. 1g-k, Supplementary Fig. 5, 6). The
different morphologies can be attributed to the Critical Packing
Parameter (CPP) of the surfactants. It is established that the surfactant
can form spherical micelles by self-assembly when CPP <1/3, bilayer
vesicles when 1/2<CPP<1, and bilayer lamellar structure when
CPP =1*°°, Thus, the surfactant not only interacts with the monomers
to enable the rapid polymerization of the COFs, but also functions as a
soft template to induce self-assembly and thereby obtain a distinctive
morphology.

In addition to the surfactants, the two-phase micelle systems play
another critical role in the self-assembly of TpPa-COFs. The solvent
affects the solubility of surfactants and monomers on the one hand,
and the interfacial tension between water and oil phases on the other
hand. Therefore, in the synthesis of v-TpPa-COF in the O/W system the
vesicle morphology can be obtained only when the organic phase is
dichloromethane (Fig. 1c, d). The optimal synthesis of v-TpPa-COF in
the W/O system requires a careful adjustment of the solvent ratio,
whereby the optimal vesicle morphology can be obtained only when
the organic phase is o-dichlorobenzene/chloroform (ratio = 3: 2)
(Supplementary Figs. 7, 8). In the same reaction system, the replace-
ment of the monomer with Pa-CH; resulted in the formation of a
crystalline COF with vesicle morphology, indicating that this strategy is
extendable (Supplementary Figs. 9, 10).

The amphiphilic polymers comprising long chains with hydro-
philic and lipophilic groups were employed as the stabilizing agents.
Due to their amphiphilic features, the stabilizers can reach into both
phases to form the protective layers for droplets, preventing them
from merging with each other. It was found that polyvinylpyrrolidone
(PVP) and polyvinyl alcohol (PVA) are excellent stabilizers for the high
stability of the morphology formation, and thus can result in uniform
sizes of vesicles, while the carboxymethyl cellulose is unfavorable for
vesicle morphology (Supplementary Fig. 11). On the one hand, v-TpPa-
COF has a higher specific surface area when PVA is used as a stabilizer
in both O/W and W/O systems compared to PVP. On the other hand,
PVA can stabilize surfactant micelles, enhancing COF crystallinity®*.
The optimal PVA concentration controls COF growth, prevents
aggregation, and ensures high crystallinity. Therefore, PVA is chosen as
the stabilizer in this study®. (Supplementary Figs. 1c, 12). The amount
of PVA required for the synthesis of v-TpPa-COF was screened to be
1mg/mL for the O/W system and 5 mg/mL for the W/O system (Sup-
plementary Fig. 13). The addition of PVA did not significantly alter the
morphology of the vesicles (Supplementary Figs. 14, 15). Instead, it
resulted in the vesicle size being homogeneous, and the vesicle size
decreased from 1 um to 100 nm; the vesicle size decreased slightly with
the increase of PVA (Supplementary Fig. 16). At the optimal PVA con-
centration, both systems were observed to form uniform and stable
emulsions, with an average diameter of approximately 164 nm in O/W
and W/O (Supplementary Fig. 17). The surfaces of the PVP and PVA are
positively charged, which is the same as the positively charged surface
of the droplets. Therefore, the effect of stabilizers could be attributed
to the electrostatic repulsion between the stabilizer and the emulsion
droplet that enables the emulsion to stabilize. In contrast, the negative
charge of carboxymethyl cellulose has the effect of destabilizing the
emulsion (Supplementary Fig. 18).

The method reported in this work can also directly control the
hydrophilic and hydrophobic states of COFs by varying the different
synthetic phase systems, i.e., W/O or O/W. The contact angle test
showed that the TpPa-COF prepared under the O/W system is hydro-
phobic, while the TpPa-COF synthesized under the W/O system
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displayed hydrophilic properties (Supplementary Fig. 19). The reason
for this phenomenon can be due to that, the self-assembly of COFs
monomers in the oil-in-water system is mainly induced by the lipo-
philic segment of the surfactant, and the removal of the surfactant
makes the outer surface of the COFs exhibit lipophilic characteristics.
On the contrary, in the water-in-oil system, the self-assembly of COFs
monomers is primarily driven by the hydrophilic segment of the sur-
factant, resulting in a hydrophilic outer surface after the removal of the
surfactant. In addition, as the oil-to-water ratio increased from 5:2 to
60:2, the shell thickness of the COFs vesicles gradually decreased from
~105 nm to ~60 nm (Supplementary Fig. 20).

In-situ enzyme immobilization strategy in v-TpPa-COF

After establishment of the synthesis of COFs with desired morpholo-
gies, the v-TpPa-COF with vesicular morphology was employed to
mimic the cell membrane for the immobilization of enzymes. The
glucose oxidase (GOx) and horseradish peroxidase (HRP) were used as
enzymes for the in-situ encapsulation. The experiments showed that
the enzymes can be immobilized in both the oil-in-water and water-in-
oil systems. Notably, the immobilization can be quickly achieved via a
one-pot approach by stirring the precursors for 10 min at room tem-
perature. The loading of enzymes in GOx@uv-TpPa-COF(O/W), GOx@v-
TpPa-COF(W/0), HRP@v-TpPa-COF(O/W), HRP@v-TpPa-COF(W/O)
were estimated to be 4.6, 5.5, 1.3, and 2.1 wt%, respectively, as deter-
mined by thermal gravimetric analysis (Supplementary Fig. 21).
Nitrogen adsorption tests (Supplementary Fig. 22) revealed that the
BET specific surface areas of the enzyme-loaded COFs were smaller
than those of unloaded hybrids, which can be attributed to the occu-
pation of the enzyme in COFs. PXRD measurements showed that the v-
TpPa-COF after encapsulation of both enzymes in the two-phase sys-
tems retained the crystalline structures (Supplementary Fig. 23), sug-
gesting that the crystallization proceeded smoothly in the presence of
the enzymes.

FT-IR analysis (Supplementary Fig. 24) showed that GOx and HRP
have less adverse effect on the condensation reaction within the v-TpPa-
COF precursors, and the FT-IR spectra of four enzyme@uv-TpPa-COFs
showed the characteristic amide band (1700 ~1600 cm™), which indi-
cates the successful immobilization of two enzymes in v-TpPa-COF.
Compared with the bare GOx and HRP, the above four enzyme@uv-TpPa-
COFs samples exhibited a red-shift at amide I band regions, suggesting
the hydrogen-bonding interactions between v-TpPa-COF and enzymes™.
Furthermore, the contact angle tests demonstrate that the four enzy-
me@v-TpPa-COFs exhibit hydrophilic properties. The GOx@v-TpPa-
COF(W/0) and HRP@u-TpPa-COF(W/O) display better hydrophilicity as
compared to the GOx@v-TpPa-COF(O/W) and HRP@u-TpPa-COF(O/W)
(Supplementary Fig. 25). These results clearly indicate that the enzymes
are effectively immobilized into the resulting COFs.

Subsequently, we investigated the morphologies of COFs and
enzymes after the immobilization. Notably, the SEM and TEM images
show that GOx@v-TpPa-COF(O/W) displays a worm-like morphology
with size around 4 pum (Fig. 2a-c, Supplementary Fig. 26), while
GOx@v-TpPa-COF(W/0) exhibits a spherical morphology with size
around 200 nm (Fig. 2c-f, Supplementary Fig. 27). These morpholo-
gies are evidently distinct from the original vesicular morphology of v-
TpPa-COF(O/W) and v-TpPa-COF(W/0), indicating the morphologies
of COFs are markedly influenced by the enzymes. Furthermore, the
immobilization of enzymes resulted in alterations to the dimensions of
the COFs. The size of GOx@v-TpPa-COF(O/W) is larger than the size of
v-TpPa-COF(O/W), and GOx@u-TpPa-COF(W/O) is slightly larger than
the size of v-TpPa-COF(W/O). In comparison to GOx, HRP exerts dis-
parate effects on the morphologies of COFs. As evidenced by the SEM
and TEM images, HRP@v-TpPa-COF retained the original vesicular
morphologies in both O/W and W/O systems (Fig. 2g-1, Supplementary
Fig. 28, 29). But the sizes of HRP@v-TpPa-COF(O/W) (around 122 nm)

and HRP@v-TpPa-COF(W/O) (around 68 nm) (Fig. 2i, I) are smaller
than the non-immobilized v-TpPa-COFs. GOx@I-TpPa-COF maintains
the lamellar morphology in both O/W and W/O systems. In sharp
contrast, the e-TpPa-COF(O/W) synthesized using our previously
reported mono-cationic surfactant (CPB), only exhibited an irregular
spherical morphology after in-situ encapsulating the enzyme. The
difference in morphologies indicates the Gemini surfactant is critical
for the formation of stable morphologies in the synthesis of v-TpPa-
COF (Supplementary Fig. 30). According to the above results, we
conclude that both the enzymes and Gemini surfactants play impor-
tant roles in inducing the morphology transformation in both O/W and
W/O systems.

It was further observed that the morphologies of the resulting
enzymes(@ v-TpPa-COF have a strong correlation with the charges of the
enzymes and surfactants®. It is noteworthy that both surfactants and
enzymes are charged as confirmed by the zeta potential test (Supple-
mentary Fig. 31). It can be observed that the surfactant Cy4.54¢ Which has
two positive head groups is positively charged. The GOx shows nega-
tively charged, which is contrary to the surfactant Cys,.6 and the sta-
bilizer PVA. When the enzyme meets with the surfactant in the oil-water
interface, the negatively charged GOx tends to attract with the positive
head of Cy6.216. The charge interaction between them would induce the
surfactant to adjust self-assembly. As the proposed process shown in
Fig. 3a, the surfactant and GOx together can induce the COF monomers
to assemble into worm-like and spherical morphologies in the O/W and
W/O systems, respectively. This speculation can be intuitively proved by
CLSM (Fig. 3b—j). When the GOx is stained with RGB dyes, it results in
green coloration of RGB-GOx, and red coloration of v-TpPa-COF,
respectively. It is revealed that the GOx can be evenly distributed in the
outer layer of worm-like GOx@v-TpPa-COF(O/W) (Fig. 3b-d) and sphe-
rical GOx@uv-TpPa-COF(W/O) (Fig. 3e-j), respectively.

The negatively charged HRP exhibits the same charges as the
surfactant and stabilizer (Supplementary Fig. 31). Thus, in the assembly
process of HRP@u-TpPa-COF in both W/O and O/W systems, the
repulsive force between the same charged HRP and Cy¢.,.16, €nables the
HRP to mainly stay in the aqueous phase. As depicted in Fig. 3h, the
self-assembly process was proposed. In the O/W system, due to charge
repulsion with micelles, HRP that was dispersed in the aqueous phase
is difficult to immobilize in COFs. Thus, only a small amount of HRP
stayed outside of v-TpPa-COF via hydrogen-bonding interaction. In the
W/O system, the surfactant self-assembles into reversed micelles,
which directly encapsulate the dissolved HRP in the oil phase, and
eventually enable the self-assembly to form vesicles. As shown in the
images by CLSM, the HRP were stained with RGB dyes, resulting in the
blue coloration of AF405-HRP. The images of CLSM demonstrate that
HRP is predominantly distributed along the periphery of v-TpPa-COF
in W/O system (Fig. 3i-k), whereas the HRP is primarily present within
the vesicles in O/W system (Fig. 31-n).

Bioactivities of encapsulated enzyme cascade in COFs

The performance of enzyme-immobilized COFs is critically influenced
by their morphological features, which govern enzyme loading effi-
ciency, substrate accessibility, structural stability, and catalytic activ-
ity. Following the successful establishment of the biomimetic
immobilization strategy, the bioactivities of the encapsulated enzymes
were subsequently evaluated through the use of UV-Vis spectroscopy.
Comparing the activities of enzyme@COFs synthesized under differ-
ent two-phase conditions (Fig. 4a), it is found that the GOx@v-TpPa-
COF(0/W) exhibited higher activity than the GOx@v-TpPa-COF(W/0),
whereas HRP@u-TpPa-COF(W/0) displayed higher activity than the
HRP@u-TpPa-COF(O/W). This can be attributed to the fact that the
charge of the enzyme affects its immobilization location. For instance,
negatively charged GOx is immobilized on the outer side in both
GOx@v-TpPa-COF(O/W) and GOx@v-TpPa-COF(W/O) (Fig. 3b-g),
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Fig. 2 | Morphologies of enzymes@ v-TpPa-COF. a SEM image, (b), TEM image
and (c), the average size of GOx@v-TpPa-COF(O/W) (the insert picture is the syn-
thesized COFs emulsion diluted in water). d SEM image, (e), TEM image and (f), the
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allowing free diffusion of the substrate. GOx@v-TpPa-COF(O/W) has a
higher specific surface area (Supplementary Fig. 22a), which facilitates
easier contact between the enzyme and the substrate, thus resulting in
higher relative activity. In contrast, positively charged HRP is rarely
immobilized in the HRP@v-TpPa-COF(O/W) (Fig. 3i-k) but is encap-
sulated within the vesicles in the HRP@v-TpPa-COF(W/O) (Fig. 31-n).
HRP@vu-TpPa-COF(W/0) also has a higher specific surface area (Sup-
plementary Fig. 22b), leading to higher relative activity. In contrast, the
pristine v-TpPa-COF exhibits negligible activity, confirming that the
catalytic function of the immobilized enzyme@COFs exclusively

originates from the enzyme themselves. A further comparison of the
activities of enzyme@COFs synthesized using different surfactants is
presented in Fig. 4b. It is shown that the GOx@v-TpPa-COF(O/W)
exhibited the highest activity within the series. Both the GOx@u-TpPa-
COF and GOx@!I-TpPa-COF that are synthesized in O/W and W/O sys-
tems, exhibited higher activities than the GOx@e-TpPa-COF. These
results further prove that the vesicular structure (v-TpPa-COF) pro-
vides a dual confinement effect for enzyme-substrate interactions due
to its porous shell and internal cavity: the shell protects the enzyme
from environmental disturbances, while the cavity allows free
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diffusion of the substrate. In contrast, the dense interlayer spacing of
the lamellar structure (-TpPa-COF) may restrict substrate mass
transfer, leading to reduced activity.

To further investigate the impact of enzyme loading on the COF
self-assembly process. We have explored the effects of varying enzyme
loading on the morphology and activity of GOx@v-TpPa-COF(O/W),
GOx@v-TpPa-COF(W/0), HRP@v-TpPa-COF(O/W), and HRP@v-TpPa-
COF(W/0). For GOx@u-TpPa-COF(O/W), the worm-like morphology
was maintained even as the loading of GOx increased (Supplementary
Fig. 32). Meanwhile, the enzyme activity significantly rose with higher
GOx loading, indicating that the worm-like morphology can accom-
modate a higher enzyme loading, thereby achieving higher relative
activity (Supplementary Fig. 33). In the case of GOx@v-TpPa-COF(W/
0), the vesicular structure remained intact up to a GOx loading of
12 mg. However, beyond this point, the vesicles ruptured (Supple-
mentary Fig. 34). Correspondingly, the enzyme activity peaked at
12mg of GOx loading and then decreased due to vesicle rupture
(Supplementary Fig. 35), highlighting that it is necessary maintaining
vesicle integrity for preserving the activity of immobilized enzymes.
Regarding HRP@v-TpPa-COF(O/W) (Supplementary Fig. 36), the vesi-
cular structure transformed into spindle-like and rod-like shapes as the
HRP loading increased (Supplementary Fig. 37). This morphological
change may be attributed to the electrostatic shielding effect of HRP,
which altered the vesicle morphology. The rod-like morphology can

accommodate a higher enzyme loading, thereby achieving higher
relative activity (Supplementary Fig. 38). For HRP@uv-TpPa-COF(W/O),
the spherical vesicle structure was maintained, but the surface became
less smooth as the HRP loading increased (Supplementary Fig. 39). The
enzyme activity peaked at 12 mg of HRP loading and then decreased.
This decline was likely due to the reduced immobilization efficiency of
the enzyme. When the amount of HRP is excessive, it may exceed the
immobilization capacity of the v-TpPa-COF(W/O). Some HRP mole-
cules may not bind well with the v-TpPa-COF(W/O), or the binding may
not be strong enough, resulting in decreased enzyme immobilization
efficiency. These loosely bound enzymes may detach or denature and
become inactive during the reaction process, thereby affecting the
overall enzyme activity®. While higher enzyme loadings can increase
activity, they can also lead to morphological changes and potential
instability. Optimizing enzyme loading is crucial to maintain the
desired morphology and maximize activity.

To investigate the influence of GOx@u-TpPa-COF(W/O) shell
thickness on enzyme activity, we adjusted the oil-water ratio in the W/
O system. As the oil-to-water ratio increased from 5:2 to 60:2, the shell
thickness of the v-TpPa-COF(W/O) vesicles decreased. The highest
relative enzyme activity was achieved at a shell thickness of approxi-
mately 100 nm (oil-water ratio of 15:2) (Supplementary Fig. 40). At a
ratio of 30:2, vesicles began to show surface perforations, and at 60:2,
the thin shell made it difficult to form complete vesicles. Further
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reduction in shell thickness led to decreased activity, likely due to
perforations causing enzyme leakage (Supplementary Fig. 41). This
suggests that maintaining the integrity of the vesicular structure is
necessary for ensuring high activity.

To explore the impact of GOx@v-TpPa-COF(W/O) quantity on
enzyme activity, we varied the monomer concentration in the W/O
system. Monomer concentrations tested were 120%, 100%, 80%, 60%,
40%, and 20% of the original concentration, all maintaining vesicular
morphology. Upon immobilizing GOx, we observed that as the COF
quantity decreased, the vesicle volume increased. The highest relative
enzyme activity was achieved at a monomer concentration of 60%,
where the vesicle volume was largest (Supplementary Fig. 43). Further
reduction in monomer concentration led to vesicle rupture and
decreased enzyme activity (Supplementary Fig. 44). Reducing the
amount of COF has the same effect as previously mentioned increasing
the loading of GOXx; the rupture of vesicles leads to enzyme leakage,
thereby causing a decrease in activity.

To comprehensively evaluate our biomimetic immobilization
strategy, we investigated the catalytic activity and stability of enzy-
me@COF composites under various conditions. The results demon-
strate that immobilized enzymes within COFs significantly outperform
free enzymes in terms of both activity and stability. Specifically, both
GOXx@v-TpPa-COF(O/W) and GOx@u-TpPa-COF(W/O) demonstrate

superior activity in comparison to free enzymes (Fig. 4c), which indi-
cates that v-TpPa-COF can provide an excellent protection for GOx. By
examining the activities of HRP@v-TpPa-COF in different solvents, it
was found that HRP@v-TpPa-COF(W/O) maintained a better catalytic
activity in organic solvents, but the HRP@uv-TpPa-COF(O/W) was not
significantly active (Supplementary Fig. 45). This indicates that the v-
TpPa-COF can effectively immobilize and protect HRP in the W/O
system (Fig. 3h-j). Conversely, a significant amount of HRP is free from
v-TpPa-COF in the O/W system during self-assembly, making the HRP
difficult to be protected (Fig. 3k-m). Additionally, GOx@v-TpPa-
COF(0/W) maintained higher activity across different pH levels, with
the highest relative activity at pH 5. In contrast, free GOx showed
significant activity loss under acidic and alkaline conditions (Supple-
mentary Fig. 46). Long-term stability assessments further validated the
COFs protective effects. Over 35-day storage, the activity of GOx@v-
TpPa(0O/W) decreased by 27.3%, in contrast, the activity of free GOx
decreased by 40.3% over the same period (Supplementary Fig. 47).
This underscores the significant protective role of the COF structure in
maintaining enzyme activity over extended periods.

Moreover, GOx@vu-TpPa-COF(O/W) exhibited excellent stability,
retaining 99.9% of its initial activity after five cycles (Fig. 4d), compared
to only 9.1% for free GOx. Similarly, HRP@u-TpPa-COF(O/W) retained
69.8% of its initial activity, while free HRP retained just 6.6%
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(Supplementary Fig. 48). The enzyme activity of GOx@v-TpPa-COF(O/
W) initially increases due to effective particle dispersion and enhanced
mass transfer from stirring, but later decreases due to cumulative
material loss from repeated centrifugation. Moreover, after enzyme
catalysis, the original morphology was still maintained (Supplemen-
tary Fig. 49), and the XRD patterns confirm the preservation of the
material’s crystalline structure (Supplementary Fig. 50). These findings
highlight the superior stability and activity retention of immobilized
enzymes, particularly in the O/W system. The leakage rates for GOx@v-

TpPa-COF(O/W), GOx@u-TpPa-COF(W/O), HRP@v-TpPa-COF(O/W),
and HRP@v-TpPa-COF(W/O) are estimated to be 8.9%, 15.4%, 8.3%, and
12.4%, respectively (Supplementary Fig. 51). These low leakage rates
indicate that the COF structure effectively retains the immobilized
enzymes. Kinetic analysis revealed that GOx@v-TpPa(O/W) has a
higher maximum reaction rate (V) of 0.028 pmol L™1s™* compared
to free GOx (0.017 umol L™'s™1) (Supplementary Fig. 52), indicating
enhanced catalytic efficiency due to immobilization. Moreover, by the
comparison of the immobilization strategies of COFs and MOFs
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reported in the literature, the enzyme@COFs in the present work show
superior activities to them, highlighting the advantages of this biomi-
metic immobilization strategy***” (Supplementary Fig. 53).

In living organisms, biofilms provide attachment sites for diver-
siform enzymes of life activities. To further mimic the enzyme-loaded
state of biological membranes, the biomimetic immobilization strat-
egy was utilized to encapsulate dual enzymes (GOx and HRP) in COFs
to form a biomimetic catalytic cascade (Fig. 5a). FT-IR and PXRD
showed that GOx and HRP could be immobilized into v-TpPa-COF in
the W/O system and formed a GOXx&HRP@v-TpPa-COF(W/O) hybrid
(Supplementary Fig. 54). SEM images showed that the morphologies
can be retained in W/O system, despite the ratios of the dual enzymes
are varied (Fig. 5c-h, Supplementary Fig. 55). We performed using
CLSM to visualize the spatial distribution of both enzymes when co-
immobilized. When GOx and HRP were co-immobilized in the W/O
system, the resulting GOX&HRP@u-TpPa-COF(W/O) exhibited a solid
spherical morphology. The CLSM images revealed that both enzymes
were successfully immobilized within the solid spheres (Supplemen-
tary Fig. 56). This observation indicates that, in the presence of both
enzymes, the self-assembly process of the COFs leads to a more
compact and dense structure, encapsulating both GOx and HRP within
the same vesicle. When both enzymes are present simultaneously
during the self-assembly process, the combined effects of their inter-
actions with the surfactant and the COF monomers lead to a more
complex structural arrangement. The formation of solid spheres sug-
gests that the two enzymes are co-localized within the same structure,
likely due to the cooperative effects of their charge distributions and
the self-assembly dynamics of the COFs.

Optimization of the enzyme activities by varying the ratio of two
enzymes showed that the enzyme activities at first increased and then
decreased since the gradual variation of GOx/HRP ratios (Fig. 5b). The
highest enzyme activity was found at the ratio of GOXx/HRP =1/4, in
which the H,0, produced by GOx-catalyzed glucose catabolism can be
completely consumed by HRP. When the GOx was in excess, HRP
became the limiting factor, and the excessive H,O, produced by the
GOx-catalyzed reaction diffused out of the microcapsule at a slow rate,
resulting in its local accumulation in the COF microcapsule, which had
an inhibitory effect on GOx, so that the measured enzyme activity at
this time was lower; when HRP was in excess, GOx was the limiting
factor, and the decrease in its content resulted in a gradual reduction
in the amount of H,0> produced, which in turn led to a reduction in the
activity of the dual-enzyme system. The above results indicate that the
bionic multienzyme cascades and the induced self-assembly mor-
phology of COFs can be achieved simultaneously by using the Gemini
surfactants.

Discussion

In summary, our biomimetic strategy not only replicates the structural
hierarchy of natural biofilms but also introduces dynamic morphology
control through enzyme-surfactant interactions. The model enzymes
GOx and HRP can be rapidly and steadily immobilized in the COFs via
this biomimetic strategy. We further revealed that the enzymes were
also involved in the self-assembly process of COFs, which affects the
morphology of COFs and bioactivities of themselves. The mechanism
for the morphology regulation of enzymes@COF could be mainly
attributed to the electrostatic interaction between the enzyme and the
surfactant, which alters the self-assembly process. The interplay
between enzyme charge, COF morphology (vesicle integrity, surface
area, shell thickness), and synthesis parameters (oil-water ratio, sur-
factant type, monomer concentration) dictates tailoring COF mor-
phology. In particular, the morphology plays a definitive role in the
catalytic activity. 1) The vesicular structures are more advantageous for
catalysis performance compared to lamellar structures, which sug-
gests that the vesicular structure (v-TpPa-COF) offers a dual confine-
ment effect for enzyme-substrate interactions, with its porous shell

protecting the enzyme and its internal cavity facilitating substrate
diffusion. Conversely, the dense interlayer spacing of the lamellar
structure (I-TpPa-COF) may impede substrate mass transfer, resulting
in lower activity; 2) the worm-like or rod-like morphologies formed in
the O/W system exhibit greater enzyme loading capacity, stability, and
recyclability, which further demonstrate that co-assembly with COFs is
an effective approach to immobilize enzymes; 3) in different loading
systems, the O/W system provides superior stability and activity
retention due to its robust vesicular morphology, while the W/O sys-
tem shows moderate stability but is more prone to vesicle rupture.
Higher enzyme loading can enhance activity but may also induce
morphological changes and instability, necessitating optimization for
maintaining desired morphology and maximizing performance; 4)
additionally, shell thickness plays a crucial role, where the thinner
shells facilitate better substrate access and thus comprise higher
activity, and the excessively thin shells would lead to vesicle rupture
and enzyme leakage, emphasizing the importance of the shell thick-
ness to balance stability and activity. The immobilized enzyme by this
strategy retained the high activity and stability, which is superior to
other reported systems. Furthermore, the multienzyme cascade can be
constructed by the self-assembled COFs. These rigid and stable
organic framework vesicles may be an ideal substitute for liposomes
for biological applications. The bioinspired, mild, and morphology-
controlled one-pot method reported in this work provides a new and
reliable strategy for enzyme immobilization.

Methods

Materials

Unless otherwise noted, all reagents and solvents were obtained from
commercial sources and used directly without further purification.
Deuterated solvents for NMR measurement were obtained from
Aldrich. Distilled water was used in the experiments. Other chemicals
used in this study were analytical reagent grade.

Synthetic procedures
General procedures for the synthesis of different morphological TpPa-
COFs by screening surfactants in O/W system.

Various surfactants aqueous solutions (I5mL 1mgmL™) were
added into a 50 mL round-bottomed flask. The solution was stirred at
500 rpm, and Pa (24 mg, 0.225 mmol) was added. Subsequently, Tp
(31.5mg, 0.15mmol) was ultrasonic dissolved in 3.5mL dichlor-
omethane and added to the above aqueous solution dropwise with an
adding rate of 0.5mL min™. The solution was further stirred at room
temperature for 10 min. Upon the complete of the reaction, the solid
was precipitated with 15 mL ethanol, and the solid red powder was
obtained by filtration. The solid red powder was Soxhlet extracted with
methanol and THF, respectively, for 12 h and vacuum dried at 100 °C.

General procedures for the synthesis of different morphological
TpPa-COFs by screening surfactants in W/O system.

15 mL 1 mg mL-! surfactants mixed solution (0-DCB: CHCl; = 3:2)
was added into a 50 mL round-bottomed flask, stirred at 500 rpm, and
Pa (24 mg, 0.225 mmol) was added. 10 mg PVA was dissolved in 2 mL
ultrapure water. Then, the mixture was added dropwise into the above
solution. After that, Tp (31.5 mg, 0.15 mmol) was ultrasonic dissolved in
3 mL CHCI; and added to the above aqueous mixture by dropwise at a
rate of 0.5 mL min™. The solution was stirred at room temperature for
10 min. Upon the complete of the reaction, the solid was precipitated
with 15 mL ethanol, and the solid red powder was obtained by filtra-
tion. The solid red powder was Soxhlet extracted with methanol and
THF, respectively, for 12 h and vacuum dried at 100 °C.

General procedures for enzyme immobilization in TpPa-COFs in
O/W system

15 mL 1 mg mL™ surfactants aqueous solution was added into a 50 mL
round-bottomed flask, stirred at 500 rpm. Then, 15 mg PVA was added
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by stirring for 10 min and Pa (24 mg, 0.225 mmol) was added. After
that, specified amount of enzyme (4, 8, 12, 16 and 20 mg) was dissolved
in the above aqueous solution. Tp (31.5 mg, 0.15 mmol) was ultrasonic
dissolved in 3.5 mL dichloromethane and added to the above aqueous
mixture by dropwise at a rate of 0.5 mL min™. The solution was stirred
at room temperature for 10 min. Upon the end of the reaction, cen-
trifuge washing with deionized water for three times, freeze-dried to
recover the red powder.

General procedures for enzyme immobilization in TpPa-COFs in
W/O system

15 mL 1mgmL™ surfactants mixed solution (o-DCB: CHCl; =3:2) was
added into a 50 mL round-bottomed flask, stirred at 500 rpm, and Pa
(24 mg, 0.225mmol) was added. 10 mg PVA was dissolved in 2mL
ultrapure water and specified amount of enzyme (4, 8, 12, 16 and
20 mg) was dissolved in the water. Then, the mixture was added
dropwise into the above solution. After that, Tp (31.5 mg, 0.15 mmol)
was ultrasonic dissolved in 3 mL CHCI; and added to the above aqu-
eous mixture by dropwise at a rate of 0.5 mL min™. The solution was
stirred at room temperature for 10 min. Upon the end of the reaction,
the solution was washed with deionized water by centrifugation for
three times, freeze-dried to recover the red powder.

Preparation of GOx&HRP@v-TpPa-COF(W/O)

15 mL 1 mg mL™ Cy6.5.16 mixed solution (0-DCB: CHCl; = 3:2) was added
into a 50 mL round-bottomed flask, stirred at 500 rpm, and Pa (24 mg,
0.225 mmol) was added. 10 mg PVA was dissolved in 2 mL ultrapure
water and 4 mg with specified ratio of GOx&HRP (3:1, 2:1, 1:2, 1.3, 1:4,
1:5, 1:6) was dissolved in the water, and then the mixture was added
dropwise into the above organic solution. After that Tp (31.5mg,
0.15 mmol) was ultrasonic dissolved in 3 mL CHCI; and added to the
above aqueous mixture by dropwise at a rate of 0.5mLmin™. The
solution was stirred at room temperature for 10 min. Upon the end of
the reaction, centrifuge washing with deionized water for three times,
freeze-dried to recover the red powder.

Characterization. 'H NMR spectra were recorded on a JEOL (JNM-
ECZ400S/L1) 400 M Hz spectrometer, where chemical shifts (8 in
ppm) were determined with a residual proton of the solvent as stan-
dard. Solid-state *C CP/MAS NMR measurement was recorded using a
JNM-ECZ600R spectrometer. The Powder X-ray diffraction (PXRD)
measurements were performed using X-ray diffraction (D8 Advance,
Bruker), which was equipped with Cu Ka radiation (A =1.54056 A) at
the scattering angle 26 between from 260=3.0 to 35°. The Fourier
transform infrared spectra (FT-IR) were recorded with a Mattson
Alpha-Centauri spectrometer (Nicolet iS50, Thermo Scientific) in the
range 4000-400 cm™. Nitrogen sorption isotherms were measured at
77 K with a Micrometer ASAP 2020 and BSD-16 analyzer. Before mea-
surement, the samples were degassed in a vacuum at 120 °C for more
than 12 h. Specific surface areas and pore volume were calculated by
using the Brunauer-Emmett-Teller (BET) method. Thermogravimetric
analysis (TGA) (STA 449F5, Perkin Elmer Instruments) with a tem-
perature interval between 35 and 800 °C. Scanning electron micro-
scopy (SEM) images were obtained with a MAIA3 LMH. TESCAN
Transmission electron microscopy (TEM) images of the samples were
characterized by transmission electron microscope (Talos L120C G2).
UV-vis absorption spectra were obtained in solid state on a Lambda
950, PerkinElmer. The confocal laser scanning microscopy images
were collected on Leica TCS SP8 STED 3X under an excitation of
633 nm and 405 nm. Dynamic light scattering and Zeta potential were
obtained with Zetasizer Nano ZSE.

Data availability
The datasets generated and analyzed during the current study are
available in the repository. Additional data are available from the

corresponding author upon request. Source data are present. Source
data are provided with this paper.
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