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Three-dimensional supramolecular organic frameworks with precisely tunable pore sizes are highly de-
manded for a wide range of applications, e.g., encapsulating enzymes to enhance their stability, activ-
ity, and reusability. However, precise control and tune the pore size of such frameworks still remains
a significant challenge to date. In this study, we constructed supramolecular polymer frameworks using
rigid tetrahedral star polyisocyanides with tunable length and sufficiently narrow distribution as building
block. First, a series of tetrahedral four-arm star polyisocyanides with controlled chain lengths and nar-
row molecular weight distributions was prepared via the Pd(Il)-catalyzed living isocyanide polymeriza-
tion. Then 2-ureido-4[1H]-pyrimidinone (Upy) unit was installed onto each chain-end of polyisocyanide
arms via post-polymerization functionalization. Leveraging the supramolecular hydrogen bonding inter-
actions between the terminal Upy units, well-ordered supramolecular polymer frameworks were readily
obtained. Notably, the pore size was dependent on the chain length of the polyisocyanide arms. Precisely
control the chain length of polyisocyanide arms, supramolecular polymer frameworks with pore sizes
ranging from 5.06 nm to 9.72nm were achieved. These frameworks, with tunable and large pore aper-
tures, demonstrated exceptional capabilities in encapsulating enzymes of different sizes, such as lipase
(TL), horseradish peroxidase (HRP), and glucose oxidase (GOx). The encapsulated enzymes exhibited sig-
nificantly enhanced catalytic activity and durability. Moreover, the frameworks’ tunable and large pore
apertures facilitated the co-encapsulation of multiple enzymes, enabling efficient dual-enzyme cascade

reactions.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Fabricating porous frameworks with precisely controlled pore
sizes is a long-standing research hotspot but still remains a
formidable challenge, especially for the fabrication of frameworks
with large pore sizes [1-4]. One possible approach to this challenge
is utilizing long rigid macromolecules or polymers with control-
lable lengths as links. However, the interpenetration of these long
links may result in amorphous materials with smaller and uncon-
trollable pore structures. Moreover, most polymer links have ineffi-
cient stiffness to support entire frameworks, potentially leading to
collapsed or poorly ordered structures [5-8]. Therefore, rigid poly-
mer links that can effectively support an entire framework, reduce
structural defects, and enhance uniformity are urgently needed.
Among the artificial polymers, polyisocyanide carrying substituent
on every backbone atom and adopt a rodlike helical structure and
may have great potential for the fabrication of frameworks [9-13].
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Previously, we developed a family of alkyne-Pd(Il) catalysts enable
the precise synthesie of helical polyisocyanides with precisely con-
trolled molecular weight and extremely narrow distribution. Us-
ing the precisely synthesized polyisocyanides as links can fabricate
frameworks with predesignable pore structures. The long rodlike
polyisocyanides may lead to ordered frameworks with large pore
size, which have great promise in enzyme capsulation.

Enzymes are excellent biocatalysts that show significant po-
tential in the pharmaceutical and chemical industries due to their
high activity and excellent selectivity [14-17]. However, owing
to their inherent fragility, it is difficult for natural enzymes to
maintain their favorable conformation and high catalytic activity
in complex operable conditions and harsh environments [18-20].
Consequently, the direct utilization of enzymes in practical ap-
plications is often hampered by low activity, poor stability, hard
recyclability, and limited operating conditions. One effective solu-
tion to overcome these drawbacks is the immobilization of natural
enzymes onto solid supports [21-23]. In this context, porous
frameworks with uniform channels are promising materials for en-
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zyme immobilization. In addition to facilitating substrate transport
and enrichment, porous frameworks also provide immobilized en-
zymes with selective permeability and structural stability [24,25].
The encapsulation of enzymes into porous materials involves two
strategies: one is biomineralizing enzymes by self-assembly with
porous material precursors, which overcomes the intrinsic pore
size limitations of porous materials. However, the harsh medium
required to crystallize the porous material is not very compatible
with fragile enzymes [26-28]. A second strategy involves the
infiltration of enzymes into pre-synthesized nanoscale porous
materials, which enhances the mass transfer and stability of the
enzymes. However, this strategy is generally limited to enzymes
with sizes smaller than the internal pore aperture of the porous
material, and larger enzymes are not easily encapsulated [29-32].
Furthermore, the pore size of a framework directly determines how
it interacts with molecules, which influences its functionality and
applications [33,34]. Compared to two-dimensional (2D) frame-
works, three-dimensional (3D) frameworks provide more space
and channels for enzyme encapsulation, leading to enhanced
loading capacity and inhibited deactivation [32,35]. Therefore, the
precise synthesis of 3D porous frameworks with controllable and
large pore sizes to immobilize enzymes is essential.

Among the reported frameworks, supramolecular organic
frameworks (SOFs) are composed of organic molecules linked via
intermolecular supramolecular interactions. Due to the dynamic
character of the supramolecular interactions, self-correction of the
assemblies occurs and results in SOFs with highly ordered struc-
tures [36-38]. Hydrogen bonding is a popular supramolecular in-
teraction featuring large bonding constants, high directionality, and
good reversibility [39-42]. Therefore, constructing supramolecular
organic polymer frameworks (SPFs) using rigid polyisocyanide with
tunable length as links via hydrogen bonding connections may
generate porous frameworks with bespoke shapes, sizes, and func-
tionalities [25,43-45]. These porous frameworks could be used as
"exoskeletons" to encapsulate fragile enzymes, generating a new
type of metal-free crystalline biocomposite featuring superior cat-
alytic activity and operational stability compared to free enzymes.
Additionally, porous frameworks could be used to encapsulate
multiple enzymes. This could enable enzymatic cascade reactions,
which would eliminate the tedious isolation and purification of re-
action intermediates.

Among the various supramolecular interactions, the hydrogen
bonding interactiong between the 2-ureido-4[1H]-pyrimidinone
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Scheme 1. Schematic diagram of enzyme immobilization in SPFys.

(Upy) features high association constant. These attributes enable
Upy to be widely used in supramolecular self-assembly and frame-
work construction [46,47]. In this work, we designed and synthe-
sized a series of 3D SPFs with tunable pore sizes. The frameworks
with the pore size matchable to enzymes was applied as enzyme
exoskeletons. First, tetrahedral four-arm star polyisocyanides with
precisely controlled M, and low My /My were prepared via the
four-functional Pd(II)-catalyzed living polymerization of isocyanide
(Scheme 1). Then, a Upy unit was installed onto each chain end
of the star polyisocyanide through post-polymerization functional-
ization via the terminal Pd(Il)-catalyzed Songashira cross coupling
reaction. Leverage the intermolecular hydrogen bonding between
the terminal Upy units, these tetrahedral star polyisocyanides self-
assembly into ordered SPFy,s with uniformly porous networks. Re-
markably, the pore size of these SPFs is proportional to the de-
gree of polymerization (DP) of the polyisocyanide, enabling precise
control of the pore aperture. Therefore, a family of SPFs with pore
sizes of ca. 5.06, 7.27, 8.12, and 9.72nm was precisely fabricated
using four-arm polyisocyanides with DP of 10 (SPFyg), 20 (SPFyq),
30 (SPF3g), and 40 (SPF4), respectively. The ordered SPFs possess
uniform and tunable porosity, facilitating their usage as enzyme
exoskeletons. The lipase (TL), horseradish peroxidase (HRP), and
glucose oxidase (GOx) were respectively encapsulated into SPFyg,
SPF,p, and SPF3¢ with high loading capacities of 26, 21, and 24 wt%.
All the encapsulated enzymes display superior catalytic activity
and operational stability compared to the corresponding free en-
zymes. Furthermore, these 3D SPFs faciliate the encapsulation of
more than one enzymes, and realized a dual enzyme-catalyzed
cascade reaction, which minimize the diffusion limitation of inter-
mediates and improve the catalytic activity of the cascade reaction.

As shown in Fig. 1, tetrahedral four-arm alkyne-Pd(Il) catalysts
(FA-PA(II)) were prepared from tetrakis(4-ethynylphenyl)methane
(Fig. S1 in Supporting information). The living polymerization of

Chain-end Functionalization

Ph,P. 5

0
K
PPh2 \Wei-Phos
4 1) Cul, THF/Et;N

FA-poly-1,-Pd(ll)
Controllable M,
low M,/M,

SPFps
Tunable pore size
Ordered structure

Fig. 1. Synthetic route for ordered porous SPFys.
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Fig. 2. (a) SEC curves of FA-poly-1,-Pd(Il)s. (b) Plot of M, and M,/M;, of FA-poly-1,-Pd(Il)s against the DP of polyisocyanide link. (c) DLS curves of SPFys (0.2 mg/mL,
CHCI3). Insets: Tyndell effects of SPFyq (left side) and FA-poly-14¢-Pd(Il) (right side) in CHCl3 (2.0 mg/mL). (d) Solution-phase synchrotron SAXS profiles of SPFyg in CHCls. (e)
Plot of d-spacing (SAXS) vs. the DP of polyisocyanide link. (f) Nitrogen sorption isotherms of SPFyq (insets: pore size distribution). (g) Plots of the Sger and dpore, i Of SPFms
vs. the DP of the polyisocyanide backbone. TEM image of SPFy, (h) and SPF,q (i) casted from the CHCl; solutions (insets: partial enlarged image).

isocyanide (1) initiated by FA-Pd(II) with 1-to-Pd(Il) ratios fixed
of 10, 20, 30 and 40 resulted in a series of four-arm polyiso-
cyanides denoted FA-poly-1,-Pd(I) (where m is theoretical DP,
m=10, 20, 30, and 40). These polyisocyanides had desired Mps
and low My, /Mgs values, and they featured Pd(Il) terminals (Fig. S2
in Supporting information). Fig. 2a illustrates that these polymers
exhibited single modal elution traces in size exclusion chromatog-
raphy (SEC). A linear correlation between the M, of the synthe-
sized polymers and their 1-to-Pd(Il) catalyst ratio was observed.
Additionally, the isolated FA-poly-1,-Pd(Il) displayed low disper-
sity, with My /My values of <1.20 (Fig. 2b). To install Upy unit onto
the chain-ends of FA-poly-1y,-Pd(Il), the terminal Pd(II) complex
was activated by coordinating with a bidentate phosphine ligand
(Wei-phos) and then catalyzed Sonogashira cross coupling reaction
with Upy, followed the procedure reported by us previously [25].
The SEC analyses of the resulting FA-poly-1y,-Upy bearing Upy ter-
minals also showed single modal elution traces and maintained
low dispersity (Mw/My < 1.20) (Fig. S3 and Table S1 in Supporting
information). The structures of the isolated FA-poly-1,-Pd(Il) and
FA-poly-1,-Upy were characterized by proton nuclear magnetic
resonance ('"H NMR). As displayed in Fig. S4 (Supporting informa-
tion), three sharp resonances at downfield 10.25 (-NHCO-), 11.90
(-CONH-), and 13.12 (-NCNHC-) ppm were clearly observed, which
can be ascribed to the Upy units in CDCl;. The 3'P NMR spec-
trum of FA-poly-1,¢-Pd(II) showed a clear resonance at 13.1 ppm,
which was attributed to the Pd-coordinated PEt;. whereas no 3!P
signal could be detected of FA-poly-1,9-Upy, suggesting that a Upy
unit was installed on each polyisocyanide terminal (Fig. S5 in Sup-
porting information). The Fourier transform infrared (FT-IR) spec-
trum of FA-poly-1,9-Upy showed vibrations at 2210 and 1630 cm™!
attributed to the C=C bond of FA-poly-1,5-Upy and C=N bond
of the polyisocyanide backbone, respectively (Fig. S6 in Support-
ing information). Thermogravimetric analysis (TGA) revealed that
both FA-poly-1,9-Upy and FA-poly-1,¢-Pd(Il) had good thermal sta-
bility, with thermal decomposition temperatures (T4, 5% weight

loss) higher than 300°C (Fig. S7 in Supporting information). The
differential scanning calorimetry (DSC) profile of FA-poly-1,9-Upy
showed glass transition (Tg, 98°C) and melting (Tm, 228°C) tem-
peratures (Fig. S8 in Supporting information) higher than those of
the FA-poly-1,0-Pd(II) precursor (Tg =95 °C; Ty =224°C).

The isolated FA-poly-1n,-Upy polymers with different DPs were
self-assembly into porous SPFys (m=DP) in non-polar solvents
(CHCl3) via intermolecular hydrogen bonding between the termi-
nal Upy units. Notably, the CHCl; solution of FA-poly-1y,-Pd(Il)
was clear and transparent, lacking of any Tyndall effect, regard-
less of DPs. In contrast, a pronounced Tyndall effect was observed
in the CHCl3 solutions of all the synthesized FA-poly-1y,-Upy bear-
ing Upy unit on the terminals, suggesting they were self-assembled
into porous SPFy, confirming the formation of the expected frame-
works (Fig. 2¢). Dynamic light scattering (DLS) analysis indicated
that FA-poly-11p-Pd(II) had a hydrodynamic diameter of 7.8 nm in
CHCl3, suggesting its molecular dissolution (Fig. S9 in Supporting
information). Meanwhile, the hydrodynamic diameters of SPFyq,
SPF,g, SPF3g, and SPF,4, were 100.5, 139.2, 174.5, and 277.2 nm, re-
spectively, even when diluted to 0.1 mg/mL (Fig. 2c and Fig. S10 in
Supporting information). This result indicated the FA-poly-1y-Upy
with different molecular weights were self-assembly into large-
sized frameworks. The ordering of the porous SPFys was further
verified by synchrotron small-angle X-ray scattering (SAXS) anal-
ysis. The SAXS curve of the CHCl3 solution of SPF; showed a
clear peak at g~ 112 nm~!, which corresponded to a simulated
pore aperture of 5.60nm (Fig. 2d). Similarly, the SAXS curves of
SPF,g, SPF3g, and SPF,,, showed peaks at g~ 0.86, 0.74, and 0.64
nm~!, respectively (Fig. S11 in Supporting information), which cor-
responded to pore apertures of 7.30, 8.40, and 9.80 nm. These re-
sults further confirmed the formation of frameworks with differ-
ent pore apertures. Interestingly, the SAXS analyses suggested that
the aperture size of the SPFys was linearly correlated to the DP
of the polyisocyanide links (Fig. 2e), due to the rigid rodlike back-
bone of helical polyisocydnie. The linear correlation between the
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pore-aperture with the DP of polyisocyanide backbone supports
high controllability of pore size. That means control over the DP of
polyisocyanide via the living polymerization technique could read-
ily tune the pore size of the SPFys. Based on the slop of the plot in
Fig. 2e, it can be concluded that the every one increment in the DP
of polyisocyanide backbone, the pore size increases by ca. 0.15 nm.

The porosities of the generated frameworks were further in-
vestigated by nitrogen sorption isotherm measurements. All the
SPFy,s exhibited typical type IV isotherms, indicating the formation
of mesoporous frameworks. As summarized in Table S2 (Support-
ing information), the Brunauer-Emmett-Teller (BET) specific sur-
face area (Sppy) of SPF;g was 98.34 m?/g, and the Barrett-Joyner-
Halenda (BJH) pore size distribution was centered at ca. 5.06 nm
(Fig. 2f). The pore volume (Vpore) of SPFjp was calculated to be
0.44 g/mL. As the DP of the polyisocyanide arms increased, the Sggr
values of SPF,y, SPF3g, and SPF4o decreased to 87.26, 53.28, and
32.15 m?/g, respectively, while their pore apertures increased to
7.27, 8.12, and 9.72 nm, respectively. The pore apertures obtained
from nitrogen sorption isotherm measurements was linearly cor-
related to the DP of the polyisocyanide arms (Fig. 2g and Table
S2), agreeing well with the SAXS analyses. In addition, the BJH
pore volumes (Vpore) of SPFyg, SPF3p, and SPF49 were 0.30, 0.21,
and 0.18 cm?3/g, respectively (Fig. S12 and Table S2 in Support-
ing information). Sggr and Vpore were also correlated to the DP of
the polyisocyanide links. As plotted in Fig. 2g, the Sggr values lin-
early decreased with increasing DP, while the pore aperture and
Vpore linearly increased with increasing DP (Fig. S13 and Table S2
in Supporting information). Notably, owing to the dense hydropho-
bic pendants of the polyisocyanide links, the SPFs maintained their
porous structures after being treated with water, as confirmed by
nitrogen adsorption-desorption analysis (Fig. S14 in Supporting in-
formation). This was expected to facilitate the encapsulation of en-
zymes in water. As displayed in Fig. 2h, the transmission electron
microscope (TEM) image of SPF;q clearly shows clear lattice fringe
with the spacing of 5.32nm and it is consistent with this esti-
mated through the SAXS and BET analyses. Similarly, SPF,q, SPF3
and SPF4o are also analyzed by TEM, but it is difficult to detect
their lattice fringes due to the large pore size (Fig. 2i and Fig. S15
in Supporting information). Therefore, the pore structures were vi-
sualized by scanning electron microscopy (SEM). The SPFys with
different pore sizes exhibited different morphologies [48]. For in-
stance, SPFig and SPF,, synthesized with relatively short poly-
isocyanide blocks, exhibited rough surfaces decorated with pores
(Figs. 3a and b). As the length of the polyisocyanide increased,
SPF3p and SPF4, showed fleshy fluffy surfaces (Figs. 3c and d).
These observations suggest that the morphology of these porous
polymers can be controlled by adjusting the length of the poly-

Fig. 3. SEM images of SPFyo (a) (insets: partial enlarged image), SPFy (b), SPF3q (C)
and SPF4 (d) casted from the CHCl3 solutions.
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isocyanide links. This result can be attributed to the formation of
pores by intermolecular hydrogen bonding between the terminal
Upy units, which means that the pore aperture size directly de-
pends on the length of the rigid polyisocyanide links.

The porous SPFys with controllable pore sizes show great
promise for enzyme encapsulation. Therefore, to investigate their
enzyme encapsulation capability, the encapsulation of lipase from
Thermophila lanuginosa (TL, size: 3.5x4.5x 5.0 nm3) was first
explored. SPFyns with different sizes were immersed into a
phosphate-buffered saline solution containing TL, and the UV-vis
absorbance of the supernatant was measured. Based on the change
in the characteristic absorbance at 280 nm, approximately 26, 19,
and 12 wt¥% of the TL was encapsulated into SPF;q, SPF,q, and SPF3,
respectively. In contrast, only a smaller amount of TL (less than ca.
6 wt%) was encapsulated in the larger pores of SPF49, which was
because the pore size of this sample was too large to encapsulate
TL (Table S3 in Supporting information). SPF;; showed the highest
encapsulation capacity because its pore size matched the size of
TL (Figs. 4a and b). To confirm the encapsulation of TL in the pores
of SPFys, sodium dodecyl sulfate (SDS) was used to remove the
physically adsorbed enzymes from the surface of the SPFys [27]. It
was revealed that only 2%-10% of the TL removed from the solu-
tion was physically adsorbed as free enzymes on the SPF surface,
meaning that >90% of the enzymes were encapsulated into the
SPFys (Fig. S16 in Supporting information). The nitrogen sorption
isotherms of the TL-encapsulated SPFys (TL@SPFys) showed a re-
duction in BET surface area (Fig. S17 in Supporting information).
The FT-IR spectrum of TL@SPF;, displayed characteristic adsorp-
tion peaks at 3296, 2871, and 1654 cm~! that were ascribed to
TL (Fig. S18 in Supporting information). Furthermore, the circular
dichroism (CD) spectrum of TL@SPF;y, was almost the same to that
of the free TL (Fig. S19 in Supporting information), indicating that
the encapsulated TL maintained its pristine conformation. To assess
the catalytic performance of TL@SPFys, the hydrolysis reaction of
p-nitrophenyl B-p-glucopyranoside (p-NPGlc) catalyzed by TL and
TL@SPF,y was studied in phosphate-buffered saline. The produc-
tion of p-nitrophenol (p-NP) was detected by measuring the UV-
vis absorbance at a wavelength of 405 nm to determine the activ-
ity of TL and TL@SPFyy. Both free TL and encapsulated TL@SPF;,
catalyzed the hydrolysis of p-NPGlc and produced targeted p-NP.
However, the catalytic activity of TL@SPF;q was 1.2 times higher
than that of the free TL due to the confinement effect of the en-
capsulated enzymes in TL@SPF;q (Figs. 4c and d, and Table S4 in
Supporting information). The porosity of the SPF;y was beneficial
for the enrichment of p-NPGIc and strengthening the interaction
between the encapsulated TL and p-NPGlc, leading to enhanced
catalytic activity. Note that pure SPF;y did not show any catalytic
activity, confirming that the catalytic of the TL@SPF;, was entirely
derived from the encapsulated TL. Additionally, the catalytic ac-
tivities of TL@SPF,y, TL@SPF3y, and TL@SPF,, were also investi-
gated. TL@SPF,, and TL@SPF3, showed catalytic activities that were
1.12 times and 1.05 times higher than that of free TL, respectively.
The catalytic activity of TL@SPF,4, was comparable to that of free
TL. These results further demonstrated that SPFs with pore sizes
matching the size of TL were favorable for improving catalytic ac-
tivity. Furthermore, the catalytic activity of TL@SPF;q toward sub-
strates with different sizes (p-nitrophenyl decanoate (p-NPD) and
p-nitrophenyl palmitate (p-NPP)) was also investigated. When free
TL was used as a catalyst, the hydrolysis of p-NPD, which has
shorter alkyl chains, proceeded more rapidly than that of p-NPP.
The p-NPD/p-NPP reaction ratio of this catalyst was 1.8. Surpris-
ingly, when TL@SPF;q was used as the catalyst, the hydrolysis of p-
NPP, which has longer alkyl chains, was much more rapid than that
of p-NPD, and the p-NPP/p-NPD reaction rate ratio was 1.4 (Fig. 4e).
This was because the longer alkyl chains of p-NPP meant that this
reactant was retained in the pores of SPF;y for a longer period,
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increasing the chance of contact with the enzyme. TL@SPFy, also
showed high stability, retaining 56 % of its catalytic activity after
30 days of storage. In contrast, the free TL only maintained 12 % of
its catalytic activity (Fig. 4f). Furthermore, the TL@SPFy,s were eas-
ily recovered from the reaction mixture by centrifugation for reuse
in the hydrolysis process. Based on the product yield, the catalytic
activity remained above 75% even after 5 cycles. Under the same
conditions, the catalytic activity of free TL was completely lost af-
ter the first recycle (Fig. 4g).

To demonstrate that SPFs with controllable pore size could
serve as versatile nanoplatforms for enzyme encapsulation, the
encapsulation of glucose oxidase (GOx, 6.0 x 5.2 x 7.7 nm3) and
horseradish peroxidase (HRP, 4.0 x 4.4 x 6.8 nm3) into the SPFys
was attempted using the same procedure described above. Given
the different sizes of HRP and GOx, different encapsulation ef-
ficiencies were observed. HRP was most effectively encapsulated
within SPF,g (21 wt%), followed by SPF3q (18 wt%), SPF49 (9 wt%),
and SPFyg (6 wt%) (Table S3). In contrast, GOx was most effectively
encapsulated within SPF3q (24 wt%), followed by SPF4y (16 wt%),
SPF,y (10wt%), and SPFig (8 wt%) (Table S3). These results fur-
ther confirm the importance of matchable pore size for the ef-
fective immobilization of biomacromolecules (Table S2). The HRP-
encapsulated SPFys (HRP@SPFys) and GOx-encapsulated SPFys
(GOx@SPF,s) were further characterized by N, adsorption, FT-IR
measurements, and CD spectroscopy (Figs. S20-S22 in Support-
ing information), which confirmed that the enzymes were encap-
sulated into the pores and maintained their pristine conforma-
tions. Next, the catalytic activities of the HRP@SPF,,, free HRP,
GOx@SPF3q, and free GOxX were investigated. HRP@SPF,, showed
catalytic activity that was 1.2 times higher than that of free HRP.
Similarly, the catalytic activity of GOX@SPF3q was 1.3 times higher
than that of free GOx. These results indicate that the SPFs with
matched pore sizes are favorable for biocatalysis. Furthermore,
large-sized frameworks could also be applied for the encapsula-
tion of dual enzymes to perform cascade reactions. As shown in

Fig. 5a, two enzymes (GOx and HRP) were encapsulated into SPF3q.
FT-IR and N, adsorption analyses indicated that GOx and HRP were
both encapsulated into SPF3y (15 wt% GOx and 13 wt% HRP), form-
ing GOx&HRP-encapsulated SPF;y (GOX&HRP@SPF3() (Figs. S23 and
S24 in Supporting information). When GOx&HRP@SPF3, used as
a dual-enzyme catalyst, GOx in GOx&HRP@SPF3, specifically cat-
alyzes the conversion of S-p-glucose to gluconic acid and H,0,
in the presence of O, [49]. The catalytic reaction involves a re-
duction step and an oxidation step (Figs. 5a and b). The reduction
step is as follows: B-D-glucose is catalytically oxidized by GOx in
the presence of one molecule of oxygen to D-glucono-§-lactone,
which is then non-enzymatically hydrolyzed with one molecule
of water to gluconic acid, and the flavin adenine dinucleotide
(FAD) cofactor on the GOx is reduced to FADH,. In the oxidation
step, the oxygen molecules oxidize the FADH, to FAD and H,0,
is produced. Next, HRP in GOx&HRP@SPF3, oxidizes the substrate
(diammonium 2,2’-azino-bis(3-ethyl-benzothiazoline-6-sulphonate
(ABTS)) in conjunction with H,0,, converting it to the oxidized
state (ABTS*"), while producing H,0. Compared with a homo-
geneous mixture of free enzymes in solution, GOx&HRP@SPF;,
showed a 1.5-fold enhancement in catalytic activity for the cas-
cade reactions (Fig. 5¢). This improvement was attributed to the
reduced distance between GOx and HRP after encapsulation, which
minimized the diffusion limitations of intermediates. The encap-
sulated GOx&HRP@SPF;, remained highly active after 30 days of
storage (65% activity retention), while the free GOX&HRP showed
poor activity (only 16% activity retention) (Fig. 5d). Moreover, the
encapsulated GOx&HRP@SPF3; was easily recovered by centrifuga-
tion, retaining >85% of its activity after 5 cycles (Fig. 5e). These
findings further emphasize the importance of matchable aperture
encapsulation strategies in cascade reactions.

In summary, a series of tetrahedral four-arm polyisocyanides
with controlled M, and low My /My was successfully synthesized.
Though the terminal the Pd(Il)-catalyzed Sonogashira cross cou-
pling reaction, Upy was installed onto the chain ends of the four-
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Fig. 5. (a) Mechanism diagram of the catalytic activity for the cascade reactions. (b) Encapsulation of HRP and GOx into the SPFys for catalyzed glucose and ABTS cascade
reaction. (c) Relative activity of HRP, GOx, HRP&GOX, and encapsulated HRP@SPF,y, GOX@SPF3p, and HRP&GOX@SPF3. (d) Relative stability of HRP&GOx and HRP&GOx@SPF3,
after storage for catalyzed glucose and ABTS cascade reaction. (e) Catalytic cycles of HRP@GOx and HRP&GOx@SPF;, for catalyzed glucose and ABTS cascade reaction.

arm polyisoycnaides. Driven by intermolecular hydrogen bonding
between the terminal Upy, well-ordered porous frameworks were
successfully obtained (SPFs). SAXS, SEM, and nitrogen adsorption-
desorption analysis demonstrated that the prepared SPFs possess
ordered crystalline frameworks. The pore size of the SPFs is di-
rectly rely on the DP of the polyisocyanide arms. Therefore, by
adjusting the DP, it is readily to precisely control the pore size
of the SPFs, enabling the preparation of porous frameworks with
highly tunable pore sizes. By designing frameworks with pore sizes
matching the dimensions of encapsulated enzymes, the presence
of these SPFys as exoskeletons significantly enhances the catalytic
activity and stability of the enzymes. Furthermore, encapsulating
two enzymes within an SPF;, with a large pore size enables dual-
enzyme cascade reactions. This study offers a method for precisely
constructing porous frameworks with highly tunable pore-size and
provides a novel exoskeleton material for the encapsulation of en-
zymes in practical applications.
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