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Covalent organic frameworks (COFs) are ideal host matrices for biomolecule immobilization and biocatalysis
due to their high porosity, various functionalities, and structural robustness. However, the porosity of COFs is
limited to the micropore dimension, which restricts the immobilization of enzymes with large volumes and
obstructs substrate flow during enzyme catalysis. A hierarchical 3D nanostructure possessing micro-,
meso-, and macroporosity could be a beneficial host matrix for such enzyme catalysis. In this study, we
employed an in situ CO, gas effervescence technique to induce disordered macropores in the ordered 2D
COF nanostructure, synthesizing hierarchical TpAzo COF-foam. The resulting TpAzo foam matrix facilitates
the immobilization of multiple enzymes with higher immobilization efficiency (approximately 1.5 to 4-fold)
than the COF. The immobilized cellulolytic enzymes, namely B-glucosidase (BGL), cellobiohydrolase (CBH),
and endoglucanase (EG), remain active inside the TpAzo foam. The immobilized BGL exhibited activity in
organic solvents and stability at room temperature (25 °C). The enzyme-immobilized TpAzo foam exhibited
significant activity towards the hydrolysis of p-nitrophenyl-B-p-glucopyranoside (BGL@TpAzo-foam: K,
and Vipax = 23.5 £ 3.5 mM and 497.7 + 28.0 uM min~?Y) and carboxymethylcellulose (CBH@TpAzo-foam:
Km and Vipax = 18.3 + 4.0 mg mL™ and 85.2 + 9.6 uM min~* and EG@TpAzo-foam: K, and Vimayx = 13.2 +
2.0 mg mL™ and 102.2 + 7.1 uM min™). Subsequently, the multi-enzyme immobilized TpAzo foams were
utilized to perform a one-pot tandem conversion from carboxymethylcellulose (CMC) to glucose with high
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DOI: 10.1039/d35c013679 recyclability (10 cycles). This work opens up the possibility of synthesizing enzymes immobilized in TpAzo
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Introduction

Biocatalysis is becoming an increasingly popular complemen-
tary tool to traditional chemosynthesis." Multi-enzyme tandem
bio-catalysis, which involves sequential steps without isolating
intermediates, has garnered attention for its broad range of
organic synthesis applications.>® However, many naturally
occurring enzymes are incompatible with high temperatures,
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pH, and organic solvents, hindering their industrial applica-
bility.* Porous materials show promise as enzyme immobiliza-
tion supports by providing mass transfer channels and
conformational constraints. Immobilizing enzymes in porous
matrices enhances their stability, simplifies separation, and
enables recyclability during multi-enzyme tandem catalysis.?
Porous materials, such as mesoporous silica, metal-organic
frameworks (MOFs), hydrogen-bonded organic frameworks
(HOFs), and covalent organic frameworks (COFs), have been
explored as host matrices for enzyme immobilization.®® These
crystalline nanostructures must either have sufficient void
space or a significant number of defects to enable interactions
between large substrates and enzymes. The host matrix's void
space size should accommodate multiple enzymes for tandem
and synergistic biocatalytic transformations. In the last decade,
there has been growing interest in crystalline porous materials,
particularly covalent organic frameworks (COFs), due to their
high surface area, tunable pore size, stability, and easily tail-
orable functionality.” These properties make COFs ideal
support for enzyme immobilization. Biomolecules can be
anchored in the micro and mesopores of COFs by physical
adsorption, and the interconnectivity among the intrinsic
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micropores facilitates mass transfer at an enhanced rate.'
However, physically adsorbed enzymes may suffer from leach-
ing during the catalytic process, and the uniform microporous
nature of COFs restricts the immobilization of enzymes with
large volumes. In this study, we propose immobilizing enzymes
in a new class of solid-state materials: covalent organic frame-
work foams (COF-foams)."* COF-foams are hierarchical porous
structures where micro, meso, and macropores coexist within
the ordered COF crystallites. The presence of macropores
makes these COF foams more suitable for hosting enzymes with
large volumes than conventional COF microcrystals. These COF
foams offer a large pore volume, enabling high enzyme
adsorption capacity and diffusion through the entire network,
enhancing the catalytic efficiency.

Results and discussion

We have synthesized a TpAzo foam using 1,3,5-triformylphlor-
oglucinol (Tp) and 4,4™-azodianiline (Azo), and have immobi-
lized enzymes within the foam wusing a concentration-
dependent adsorption technique. The TpAzo foam was synthe-
sized by adding 0.45 mmol (95.5 mg) of 4,4-azodianiline (Azo)
to 11.6 mmol (2 g) of p-toluenesulfonic acid (PTSA), followed by
adding 0.3 mmol (63 mg) of 1,3,5-triformylphloroglucinol (Tp)
and 100 pL of water to the mixture. Next, 6 mmol (500 mg) of
sodium bicarbonate (NaHCO;) was added to the mixture,
resulting in situ CO, effervescence that turned the paste into
a fluffy substance with macropores. The resulting material was
freeze-dried, followed by heating at 90 °C for 12 h in a closed
condition. The TpAzo foam was washed with dimethylaceta-
mide (DMAC) and water and dried at 120 °C for 12 h. The
resulting foam showed a hierarchical nanostructure with mac-
ropores and COF nanosheets, as revealed by SEM and TEM
images. SEM images reveal that foam is composed of COF
nanosheets (1-5 pm) and extrinsic pores ranging from 1-10 pm
(Fig. 1c and S81). TEM images of TpAzo foam also show the
random disorder within the architecture where the pores of
diameter 100-200 um are intertwined with the COF crystallites
(Fig. 1e and S11%). The immobilization of enzymes onto the
TpAzo foam was achieved by a concentration-dependent
adsorption technique. The foam was immersed in an enzyme
solution of desired concentration, and the mixture was allowed
to shake for a specific time to achieve maximum adsorption of
enzymes onto the foam. The foam was then washed thoroughly
with water to remove unbound enzymes, and the immobilized
enzymes were characterized using Fourier-transform infrared
spectroscopy (FTIR). The FTIR spectra showed the characteristic
peaks of enzymes, indicating successful immobilization onto
the TpAzo foam. The immobilized enzymes retained their
catalytic activity and stability for up to ten cycles of reuse.

The crystallinity of the TpAzo foam was confirmed through
powder X-ray diffraction (PXRD), which matched well with the
simulated PXRD of the pristine TpAzo COF. The peak observed
at 3.3° (26) corresponds to a reflection from (100) planes, while
the broad peak at a higher angle (20 = 26.7°) is attributed to the
reflections from (001) planes. This also signifies the m-m
interaction between the COF layers in the foam matrix (Fig. 2a).
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To check the microporosity of TpAzo foam, we measured the N,
adsorption isotherm at 77 K, which showed a Type-I adsorption
isotherm. The BET surface area and total pore volume of TpAzo
foam were found to be 850 m? g~ ' and 0.594 cm® g~ *, respec-
tively. The pore size distribution of the TpAzo foam was checked
using non-local density functional theory (NLDFT), indicating
an average pore size distribution centered at 2 nm (Fig. 2b and
S167). FT-IR spectra revealed intense peaks at 1619 (C=0), 1567
(C=C), and 1228 cm ' (C-N), confirming the B-ketoenamine
framework of the foam matrix (Fig. S17f). X-ray micro-
computed tomography (micro-CT) was performed to reveal the
3D macrostructure of the TpAzo foam with interconnected
pores (Fig. 2g). Within the macro-structure, we were able to
isolate the three-dimensional assembly of disordered macro-
pores (5-200 pm) and ordered lamellar COF sheets (up to 200
pum) (Fig. S19 and S207). The void volume of the foam is
approximately 75%. We could control the overall macropore
size distribution (up to 400 um) by controlling the amount of
sodium bicarbonate addition. As the macropores were gener-
ated stepwise, the pore size distribution exhibited a broad range
with a higher volume fraction (Fig. 2h and S217).

We performed mass transport simulation in the 3D micro-
porous structure to predict the dynamic events occurring
during the entrapment of enzymes. A numerical simulator
computed digital water flow experiments in all three directions
(x, y, and z-axis), using an appropriate solver at 25 °C and 20 Pa
pressure drop. The outcome visualized the average flow velocity
profiles. The numerical simulation results predict the feasible
average water flow profiles through the interconnected pore
structure of the foam. The average water flow velocities in the x,
y, and z directions were 6.10, 4.62, and 4.89 x 107> m s ',
respectively. The significant enhancement of momentum in the
x-axis relative to other axes may be attributed to receptivity to
flow exerted by the pore walls aligned normal to the x-axis. A
higher population of flow velocity streamlines in the x-axis also
supports this observation. The results also signify the inter-
connectivity of the pores in the foam, which should facilitate
the transport of enzymes along the x-axis (Fig. S227).

To investigate the immobilization of enzymes or proteins in
TpAzo foam, we used bovine serum albumin (BSA) as a model
protein. We determined the loading percentage to be 0.09 mg of
BSA per 1 mg of TpAzo foam using UV-vis spectroscopy (Fig. S37).
We rinsed the solid foam 10-15 times with water to remove any
BSA that was loosely bound to the foam surface, and we kept
a sample for sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). We then incubated the BSA@TpAzo-
foam samples in water for 24 hours to check for leaching of
BSA, and we collected the supernatant after centrifuging the
solution. SDS-PAGE showed no band of BSA after the second
round of washing of the immobilized foam. The supernatant
component of the washed BSA immobilized foam showed no
BSA band after being incubated in water for 24 hours (Fig. S67).
These results confirmed the absence of any BSA leaching from
the TpAzo foam after a 24 hours incubation in water. We fol-
lowed a similar method for immobilization of the cellulolytic
enzymes P-glucosidase (BGL), cellobiohydrolase (CBH), and
endoglucanase (EG). To compute the surface area and volume of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of the hierarchical TpAzo COF-foam synthesis using an in situ CO, gas-foaming technique. (b) A graphic

view of enzymes BGL (B-glucosidase), CBH (cellobiohydrolase), and EG (endoglucanase) immobilized in TpAzo foam with macroscopic voids.
SEM images of (c) TpAzo foam and (d) BGL@TpAzo-foam. TEM images of (e) TpAzo foam and (f) BGL@TpAzo-foam. (g) 3D X-ray computed
tomographic image of BSA@TpAzo-foam. (h) CLSM image of (I) TpAzo foam (lI) FITC-EG immobilized foam (lIl) overlay image of | and II.

the three enzymes, we placed the protein data bank (PDB)
structures in a 100 A vacuum box. We calculated the accessible
surface area (ASA) and occupied volume using a 1.86 A (N2)
probe in the Zeot++ software."” The accessible surface area of
BGL, CBH, and EG are 16 240, 13 565, and 15 489 A%, respectively.
Their accessible volumes are 97880, 74660, and 82340 A
respectively.

Prior to immobilization in TpAzo foam, BGL, CBH, and EG
purified (Section S-31). We used HEPES (4-(2-
hydroxyethyl)-1-piperazine ethane sulfonic acid), HEPES with
75 mM NacCl, and MES (2-(N-morpholino)ethane sulfonic acid)

were

© 2023 The Author(s). Published by the Royal Society of Chemistry

buffers optimized for the stability of BGL, CBH, and EG,
respectively. We placed 1 mg of TpAzo foam in a reaction tube to
begin the reaction.

To initiate the reaction, we added 400 pL of freshly purified
4 mg mL~" BGL in 10 mM HEPES buffer (pH 7) to the tube. The
reaction mixture was incubated for 2 hours and then centri-
fuged. We measured the UV-vis spectrum of the supernatant at
280 nm. The concentration of adsorbed BGL was determined
using UV-vis spectroscopy to be 0.14 mg of BGL per 1 mg of
foam (Fig. S4t1). The BGL-immobilized TpAzo foam samples
were washed several times with 10 mM HEPES buffer (pH 7) to

Chem. Sci., 2023, 14, 6643-6653 | 6645
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(@) PXRD patterns of the TpAzo foam, BSA@TpAzo-foam, BGL@TpAzo-foam, EG@TpAzo-foam, and CBH@TpAzo-foam. (b) N, gas

adsorption isotherms of TpAzo foam, BSA@TpAzo-foam, BGL@TpAzo-foam, CBH@TpAzo-foam, and EG@TpAzo-foam. (c) Comparison of FTIR
spectra of TpAzo foam before and after BSA, (d) BGL, (e) CBH, and (f) EG immobilization. (g) 3D X-ray visualization of the tomographic pore size
distribution (only pores) of TpAzo foam. (h) Histograms of pore-size distribution in TpAzo foam and BSA@TpAzo-foam from X-ray computed
tomography (i) 3D X-ray visualization of the tomographic pore size distribution (only pores) of BSA@TpAzo-foam.

remove any loosely bound BGL. SDS-PAGE analyses confirmed
the absence of BGL from the second wash onwards. CBH and
EG were similarly immobilized in TpAzo foam, and the enzyme-
immobilized foams were also washed.

SDS-PAGE experiments were conducted to monitor the
leaching of the enzyme from the foam (Fig. S61). The loading
percentage was calculated to be 0.22 mg CBH per 1 mg TpAzo

6646 | Chem. Sci, 2023, 14, 6643-6653

foam and 0.33 mg EG per 1 mg TpAzo foam. SEM (Fig. 1d and
S9t) and TEM (Fig. 1F and S12t) images of BGL@TpAzo-foam,
CBH@TpAzo-foam, and EG@TpAzo-foam confirmed the reten-
tion of their porous morphology after enzyme immobilization.
To determine the spatial distribution of the enzymes, we
immobilized fluorescein isothiocyanate (FITC)-labeled enzymes
in the foam. The FITC-enzyme@TpAzo-foams were excited at

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01367g

Open Access Article. Published on 26 May 2023. Downloaded on 7/19/2025 8:15:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

552 nm, and confocal images were collected in a window range
from 570 nm to 620 nm for the three enzyme-immobilized foams
along the maximum intensity projection (MIP). Confocal images
of FITC-EG@TpAzo-foam, FITC-BGL@TpAzo-foam, and FITC-
CBH@TpAzo-foam reveal that EG, BGL, and CBH are entrap-
ped inside the foam matrix (Fig. 1h and S14f). The PXRD
patterns of the enzyme-immobilized foams are almost identical
to the PXRD patterns of the TpAzo foam, indicating that the
TpAzo foam retains its crystallinity in the enzymes-immobilized
TpAzo foams (Fig. 2a). Micro-computed tomography of the
bovine serum albumin (BSA) immobilized foam revealed a wide
range of porosity distribution (up to 60 um), with a macroporous
surface area of 16110 m®> m™>. The distribution of macropore
diameter of the BSA@TpAzo-foam is significantly lower (~40
pum) compared to the pristine TpAzo foam (~400 um) (Fig. 2h
and i), suggesting that immobilized BSA occupies the macro-
pores preferably. The BET surface areas of the BSA@TpAzo-
foam, BGL@TpAzo-foam, EG@TpAzo-foam, and CBH@TpAzo-
foam dropped to 250, 280, 40, and 30 m> g, respectively. The
surface area of the enzyme-loaded TpAzo foam is less than that
of the pristine TpAzo-foam, which is attributed to the preferen-
tial occupancy of the macropores by the enzymes, as observed
through micro-computed tomography. As the macropores and
micropores are interconnected, there will also be a blockage in
the micropores. This blockage in the macropores led to a drop in
porosity and the surface area of enzyme-loaded TpAzo foam. The
extent of immobilization of BGL, CBH, and EG in the TpAzo
foam is 14% (w/w), 22% (w/w), and 34% (w/w), respectively
(Fig. 2b). In this context, a drop in the porosity and surface area
is much higher in CBH@TpAzo-foam, and EG@TpAzo-foam
followed by BGL@TpAzo-foam. Similarly, the pore volumes of
BSA@TpAzo-foam, BGL@TpAzo-foam, CBH@TpAzo-foam, and
EG@TpAzo-foam also decrease to 0.209, 0.205, 0.077, and 0.09
em?® g7 respectively. NLDFT calculations show that the enzyme-
immobilized foams' average micropore size remains unchanged
after enzyme immobilization (Fig. S167). It implies that immo-
bilized enzymes do not occupy the micropores of the foam
material. FT-IR spectra of enzyme-immobilized foams exhibit
a broad peak of amide-1 at 1635-1642 cm ™', which was absent in
the pristine TpAzo foams (Fig. 2c—f, S17 and 187). A series of
volumes of BSA stock of concentration 4 ug pL~' were added
separately in 1 mg of TpAzo foam. The UV-vis spectra of the
supernatant were collected after 2 hours of incubation. It was
found that the TpAzo foam can encapsulate up to 9.0% (w/w)
BSA, whereas TpAzo COF can uptake only 3.6% (w/w) BSA
(Fig. 3a). It demonstrates that COF-foam has a greater uptake
capability than COF, and macropores in the foam aid in BSA
uptake.

Multi-enzyme tandem catalysis has emerged as an alterna-
tive to the tedious process of biocatalytic transformation.™
Cellulose, a readily available material, can be hydrolyzed into
glucose by cellulases and further processed to produce bio-
fuels.* The major components of cellulase are endoglucanase
(EG), cellobiohydrolase (CBH), and pB-glucosidase (BGL).
However, the multi-enzyme catalyzed hydrolysis of carboxy-
methylcellulose (CMC), a modified form of cellulose, to glucose
with high synthetic efficiency is challenging. To address this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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challenge, we examined the loading of BGL, CBH, and EG with
an increasing stock concentration in the foam matrix. The
uptake capacity vs. stock concentration graph revealed a satu-
ration plateau in each enzyme immobilization. The total uptake
efficiency of the TpAzo foam towards different enzymes differed
substantially. BGL, CBH, and EG could be immobilized in the
TpAzo foam up to 14% (w/w), 22% (w/w), and 34% (w/w),
respectively (Fig. 3b). However, the total uptake efficiency of
BGL, CBH, and EG in the TpAzo COF was 2.8% (w/w), 7% (w/w),
and 23% (w/w), respectively (Fig. S5t). The relative uptake effi-
ciency of BGL, CBH, and EG in the TpAzo COF compared to
TpAzo foam were 27% (w/w), 40% (w/w), and 73% (w/w),
respectively (Fig. 3c). Weak non-covalent interactions helped
to immobilize these enzymes in the foam.

We undertook molecular dynamics (MD) and hybrid QM/
MM simulations to determine the preferable adsorption sites
of enzymes on TpAzo foam, along with their non-covalent
interaction distances and energies (Section S-15f). Each
enzyme was placed directly above a 4-layer, 4 x 4 supercell of
the TpAzo foam to model the enzyme-TpAzo foam wall inter-
actions. The bottom two layers of the foam had their positions
fixed. To determine the variability of the enzyme-foam binding,
each enzyme was placed five times above the TpAzo foam
backbone structure in randomly selected orientations. From
each starting point, MD simulations were run for 50 ps at 298 K,
and QM/MM enzyme-TpAzo foam binding energies were
calculated on each final snapshot. The maximum binding
energies were: Eint (EG, —667.58 k] mol ') > Eint (BGL,
—554.47 k] mol™ ") > Eint (CBH, —497.27 k] mol ') (Fig. S28-
307). The pore environment and macroscopic pore size dictated
the loading of three enzymes into the TpAzo foam. We further
checked the close non-covalent interactions between the
enzyme and foam by searching for all instances where atoms
(including H atoms) from the enzyme and foam approached
each other within 3.0 A. EG interacted more strongly with TpAzo
foam due to the significant number of observable H-bonding,
followed by BGL, while CBH showed the least number of H-
bonding with the TpAzo foam layers (Table S37).

The substrate chosen for the study was p-nitrophenyl-B-p-
glucopyranoside (pNPGlc), and the production of p-nitrophenol
(pNP) was monitored at 405 nm using UV-vis spectroscopy to
determine B-glucosidase (BGL) activity in the TpAzo foam
(Fig. 3d). We added 40 pL of 100 mM pNPGlc as a substrate and
10 puL of BGL@TpAzo-foam (equivalent to 0.5 pg of free BGL) to
50 puL of 10 mM HEPES buffer (pH 7) to make the reaction
volume 100 pL (Section S-61). Hydrolysis of pNPGlc was per-
formed at different temperatures and pH levels. The
BGL@TpAzo-foam showed maximum activity at 70 °C and pH 7
(Fig. S237). The maximum activity of BGL@TpAzo-foam under
the optimized condition was set as 100%, and the activities of
BGL@TpAzo-foam in other conditions were calculated rela-
tively. The Michaelis-Menten plot of the hydrolysis of pNPGlc to
PNP by BGL@TpAzo-foam at the optimized condition revealed
that the K, and V. were 23.5 + 3.5 mM and 497.7 + 28.0
UM min~", respectively (Fig. 3e), while the Ky, and Vi, of free
BGL were 14.7 + 0.8 mM and 1116.3 + 18.9 uM min ?,
respectively (Fig. S257). To confirm the heterogeneity of the
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(a) Comparison of BSA uptake efficiency (%) in TpAzo foam vs. COF with an increasing stock concentration of BSA. (b) Percentage of BGL,

CBH, and EG immobilization in TpAzo foam with increasing concentration of stock solutions. (c) Comparison of relative loading of BGL, CBH, and
EG in TpAzo foam vs. COF. (d) Schematic diagram of catalytic performance of BGL@foam towards hydrolysis of p-nitrophenyl-B-p-glucopyr-
anoside (pNPGlc) to p-nitrophenol (pNP) (e) Michaelis—Menten plot for determination of the kinetic parameters (K., and Vo) of BGL@TpAzo-
foam. (f) Recycling experiment of BGL@ TpAzo-foam. (g) Relative activity of free BGL and BGL@TpAzo-foam after incubation in different organic
solvents for 24 hours. (h) The half-life of BGL@TpAzo-foam (i) relative stability of free BGL and BGL@TpAzo-foam after storage at room

temperature.

reaction, we performed the recyclability of BGL@TpAzo-foam.
After centrifugation, we found that BGL@TpAzo-foam is recy-
clable for up to 10 cycles, as it retained 62% specific activity after
the 10th cycle despite the loss of BGL@TpAzo-foam particles in
every step during the separation (Fig. 3f). Moreover, there was
no change in the morphology of the foam particles after the
catalytic cycle (Fig. S10 and S137).

We also explored the stability of free BGL and BGL@TpAzo-
foam in different organic solvents. After incubation in 500 pL
of various solvents for 24 hours, we checked their activity. The
activity of free BGL and BGL@TpAzo-foam in the optimized

6648 | Chem. Sci, 2023, 14, 6643-6653

buffer was set as 100%. The relative activity of BGL@TpAzo-foam
in methanol, ethanol, THF, dioxane, and acetone was 2 to 8-fold
higher than that of free BGL due to the confinement of the
macropores in the foam matrix (Fig. 3g).** Additionally, the
interaction of BGL with the foam matrix reduces the unfolding
tendency of the BGL. To compare the half-life of free BGL (73
minutes)' with that of BGL immobilized in TpAzo foam, we
measured the relative activity of the BGL@TpAzo-foam at
different time intervals at 70 °C. The relative activity of the
BGL@TpAzo-foam started to decrease with time and became
almost half after 200 minutes, implying a higher half-life and

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01367g

Open Access Article. Published on 26 May 2023. Downloaded on 7/19/2025 8:15:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
(a)
. OCH,COONa OCH,COONa
{\o O Ho OH o
HO o) Ho 0\} Enzyme@TpAzo-foam .
OH OH C — Reducing sugar
CH,COONa n
b c
( )75 A( )
EG@TpAzo-foam TT 21004 J_—E I
T ) 5 1 ~—
£ I o ] S o
£ Lt @ 75 +
€ 50~ >+ = o
= c
= 8 50+
> 7L T o
Al £ 25
254 & K =13.2¢2.0 mg mL" > 7]
=V .= 102.2£7.1 uM min”* x
—7 T T T T LN N N L
5 10 15 20 25 12345678 910
Substrate concentration(mg mL™") Cycle
@ &, ()
CBH@TpAzo-foam 2100 F
— E Exlmm
© = 80— i
k= 404 g B e e e
% § 60
> 20 o 404
K _=18.3+4.0 mg mL" =
V._=852%9.6 uM min- g 207
04 T T T T T L U LR
0O 5 10 15 20 25 30 12345678 910
Substrate concentration(mg mL") Cycle
Fig. 4 (a) Schematic diagram of catalytic performance of enzyme@TpAzo-foam towards hydrolysis of carboxymethylcellulose (CMC) to

reducing sugar. (b) Michaelis—Menten plot for determination of the kinetic parameters (K, and Vina,) of EG@TpAzo-foam towards hydrolysis of
carboxymethylcellulose (CMC) to reducing sugar. (c) Recycling experiment of EG@TpAzo-foam. (d) Michaelis—Menten plot for determination of
the kinetic parameters (K., and Va) of CBH@TpAzo-foam towards hydrolysis of carboxymethylcellulose (CMC) to reducing sugar. (e) The

recyclability of CBH@TpAzo-foam.

thermotolerance of the BGL@TpAzo-foam (Fig. 3h). When free
BGL and BGL@TpAzo-foam were kept at room temperature (25 ©
C), free BGL showed zero activity after 40 days, whereas
BGL@TpAzo-foam retained 85% and 51% specific activity after
40 and 120 days, respectively (Fig. 3i). This further demonstrates
the stability of BGL inside the foam matrix owing to the
confinement effect of the pores.

We quantified the generated reducing sugar by UV-vis spec-
troscopy at 540 nm through DNS assay to determine the activity
of endoglucanase (EG) and cellobiohydrolase (CBH) in the foam
on carboxymethylcellulose (CMC) (Section S-61). The maximum
activity of EG@TpAzo foam was observed at 55 °C and pH 6
(Fig. S231). We conducted the hydrolysis of CMC to reducing
sugar under different temperatures and pH values. The
maximum catalytic activity of EG@TpAzo-foam under the
optimized condition was set as 100%, and the activities of

© 2023 The Author(s). Published by the Royal Society of Chemistry

EG@TpAzo-foam in other conditions were calculated accord-
ingly. The steady-state kinetics revealed that the K, and Vi, of
EG@TpAzo-foam were 13.2 + 2.0 mg mL " and 102.2 + 7.1
UM min~ ', respectively (Fig. 4a), while the Ky, and Vi, of free
EG were 66 mg mL™ " and 545 pM min~ " (Fig. $251). To confirm
the heterogeneity of the reaction, we tested the recyclability of
EG@TpAzo-foam, and found that it can be recycled up to 10
cycles. Even though there was an unavoidable loss of
EG@TpAzo-foam particles in every step during separation, the
relative activity of EG@TpAzo-foam was retained at 53% after
the 10th cycle (Fig. 4b). After the catalytic cycle, the morphology
of the foam particles remained unchanged (Fig. S10 and S137).

We also optimized the activity of CBH@TpAzo-foam and
found that it showed the highest activity at 55 °C and pH 6
(Fig. S237). The steady-state kinetics showed that the K, and
Vimax Of CBH@TpAzo-foam were 18.3 4+ 4.0 mg mL™ ' and 85.2 +

Chem. Sci., 2023, 14, 6643-6653 | 6649
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Fig. 5

(a) Schematic diagram of the one-pot hydrolysis of carboxy methyl cellulose (CMC) to glucose catalyzed by EG@foam, CBH@foam, and

BGL@foam. (b) Optimization table for CMC conversion under different catalyst combinations. (c) Recycling experiment of one pot glucose
synthesis. (d) Optimization table for CMC conversion under different catalyst combinations.

9.6 UM min ", respectively (Fig. 4c), while the K, and V., of
free CBH were 7.8 mg mL ™' and 327 pM min~ "' (Fig. $257).
Similar to EG@TpAzo-foam, CBH@TpAzo-foam was found to be
recyclable up to 10 cycles with 71% activity (Fig. 4d). After the
catalytic cycle, no changes were observed in the morphology of
the foam particles (as shown in Fig. S10 and S137). The catalytic
activity of BGL, CBH, and EG immobilized on TpAzo foam was
two to four-fold higher than their activities in TpAzo COF (as
demonstrated in Fig. S247). This lower activity in TpAzo COF
can be attributed to the absence of macropores in the structure,
which leads to a reduction in the flow velocity of reactants and
products.

We simultaneously utilized BGL@TpAzo-foam, CBH@TpAzo-
foam, and EG@TpAzo-foam in one pot to convert carboxy-
methylcellulose to glucose without isolating intermediates (as
depicted in Fig. 5a and Section S-67). No products were observed
when the reaction was performed with only TpAzo foam. We
added 10 pL each of BGL@TpAzo-foam (equivalent to 0.5 pg of
free BGL), CBH@TpAzo-foam (equivalent to 0.5 pg of free CBH),
and EG@TpAzo-foam (equivalent to 0.5 pg of free EG), and the
conversion of CMC to glucose was monitored by GOD-POD

6650 | Chem. Sci, 2023, 14, 6643-6653

(glucose oxidase-peroxidase) assay. The maximum conversion
rate under these conditions was set as 100% to compare the
conversion rates in other conditions (as shown in Fig. 5b).

We conducted a control experiment to determine the
contribution of each enzyme@TpAzo-foam to glucose conver-
sion. In an equimolar mixture of BGL@TpAzo-foam and
EG@TpAzo-foam (equivalent to 0.75 pg of free BGL and 0.75 pg
of free EG), the relative conversion dropped to 80%. Similarly, in
an equimolar mixture of BGL@TpAzo-foam and CBH@TpAzo-
foam (equivalent to 0.75 ng of free BGL and 0.75 pg of free
CBH), the relative conversion was 26%. The relative conversion
was 10% for an equimolar combination of EG@TpAzo-foam and
CBH@TpAzo-foam (equivalent to 0.75 pg of free EG and 0.75 pg
of free CBH). In the presence of EG@TpAzo-foam (equivalent to
1.5 ug of free EG), the relative conversion was only 22% (Fig. 5b).
The enzymes@TpAzo-foam demonstrated high recyclability (10
cycles) with excellent relative conversions (~66%) (Fig. 5c).
When we immobilized BGL, CBH, and EG simultaneously in the
foam (BGL + CBH + EG@TpAzo-foam) in different combinations
for CMC conversion, we found that the trend of the relative
activity of CMC hydrolysis was similar to that of a mixture of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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BGL@TpAzo-foam, CBH@TpAzo-foam, and EG@TpAzo-foam
(Fig. S26%1). However, the relative activity dropped to 62% in
the presence of BGL + CBH + EG@TpAzo-foam (Fig. 5d). The
different ratios of immobilized enzymes in the same foam (BGL
+ CBH + EG@TpAzo-foam) compared to the individual mixtures
(BGL@TpAzo-foam + CBH@TpAzo-foam + EG@TpAzo-foam)
likely caused a drop in relative activity.

EG@TpAzo-foam degrades CMC from the chain end by
binding to the substrate until a minimum chain length is ach-
ieved. After that, CBH@TpAzo-foam starts to hydrolyze one or
a few accessible bonds in the chain from the surface. Finally,
BGL@TpAzo-foam hydrolyzes cellobiose and small soluble
oligomers to glucose.”” We analyzed the conversion of CMC to
glucose by EG@TpAzo-foam + CBH@TpAzo-foam +
BGL@TpAzo-foam mixture and EG + CBH + BGL@TpAzo-foam
using HRMS. The HRMS value confirmed (observed value M +
Na: 203.0553, theoretical value: 203.06) the presence of glucose.
Thus, the synergistic action of these three enzymes embedded
in foam enables the one-pot production of glucose.

Conclusions

In summary, we have developed and synthesized TpAzo foam
with both ordered and disordered pores, which can effectively
immobilize various enzymes due to its macroporosity.
Compared to TpAzo COF, TpAzo foam exhibited an enhanced
BSA uptake capacity of approximately 2.5 times. By immobiliz-
ing BGL, CBH, and EG in TpAzo foam through weak non-
covalent interactions, we achieved 1.5 to 4 times higher
enzyme uptake than TpAzo COF. Furthermore, enzyme@TpAzo-
foam demonstrated 2 to 4 times higher activities than
enzyme@TpAzo-COF. BGL immobilized in TpAzo foam showed
substantial catalytic activity, and stability at room temperature
and retained half of its initial activity for up to 120 days. The
TpAzo foam can also sustain organic solvents, making it suit-
able for enzyme catalysis in these conditions. Moreover, we
demonstrated the successful one-pot tandem glucose synthesis
from CMC with excellent recyclability, which can be used for
various industrial applications such as biofuel and chemical
production. We believe that this immobilization method can
pave the way for developing cost-effective and environmentally
friendly biocatalysis-based technologies for diverse industrial
applications.
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