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ABSTRACT:	Enzymes	are	powerful	biocatalysts	but	suffer	from	instability	under	extreme	physiological	conditions.	
Covalent	organic	frameworks	(COFs)	have	emerged	as	promising	supports	for	enzyme	immobilization,	enhancing	
both	 stability	 and	 reusability.	 In	 this	 study,	 we	 developed	 a	 one-pot	 aqueous	 synthesis	 method	 for	 enzyme-
encapsulated	COFs	and	provided	a	detailed	analysis	of	enzyme-COF	interactions.	We	successfully	encapsulated	β-
glucosidase	(BGL),	alkaline	phosphatase	(ALP),	and	eight	other	enzymes	and	proteins	within	the	TpAzo	COF.	Solid-
state	2D	NMR	correlation	spectroscopy,	provided	direct	molecular-level	evidence	of	interactions	between	enzyme	
residues	 and	 the	 COF	 backbone,	 confirming	 structural	 integrity	 and	 encapsulation	 efficiency.	 Scattering-type	
scanning	 near-field	 optical	 microscopy	 (s-SNOM)	 and	 nanoscale	 Fourier-transform	 infrared	 spectroscopy	
(nanoFTIR)	 further	validated	 the	presence	of	BGL	within	 the	COF.	The	encapsulated	BGL	and	ALP	retained	 their	
catalytic	 activity	with	 excellent	 recyclability	 for	 up	 to	 ten	 cycles.	 Notably,	 the	 COF	 significantly	 enhanced	 BGL's	
stability	against	denaturation	in	aqueous	sodium	dodecyl	sulfate	(SDS)	solutions	across	a	concentration	range	of	1–
15%	(w/v).	This	work	establishes	a	robust	strategy	for	enzyme	encapsulation,	leveraging	enzyme-COF	interactions	
to	improve	stability	under	extreme	conditions.	

INTRODUCTION	
Enzymes	 are	 biocatalysts	 with	 high	 selectivity	 and	
efficiency,	making	them	highly	valuable	for	industrial	
applications.1-3	However,	 their	 practical	 use	 is	 often	
hindered	by	instability,	narrow	operating	conditions,	
and	 challenges	 in	 recyclability.4,5	 To	 address	 these	
limitations,	enzyme	immobilization	on	solid	materials	
has	 emerged	 as	 a	 promising	 approach	 to	 enhance	
enzyme	 stability	 and	 reusability.6-10	 Conventional	
immobilization	 materials,	 such	 as	 carbon,	 cellulose	
derivatives,	 magnetic	 nanoparticles,	 mesoporous	
silica,	 and	 polystyrene	 derivatives,	 have	 been	
explored.11-17	 However,	 these	 materials	 often	 suffer	
from	 drawbacks	 such	 as	 irregular	 sizes,	 lack	 of	

functional	 groups,	 poor	 porosity,	 and	 enzyme	
leaching.18,19	
Porous	 materials	 like	 covalent	 organic	 frameworks	
(COFs),	 metal-organic	 frameworks	 (MOFs),	 and	
hydrogen-bonded	 organic	 frameworks	 (HOFs)	 offer	
significant	 advantages,	 including	high	 surface	 areas,	
tunable	pore	environments,	and	enhanced	stability.20-
29	 While	 MOFs	 and	 HOFs	 have	 demonstrated	
potential,	 their	 applications	 are	 often	 limited	 by	
issues	 such	 as	 metal	 ion	 leaching	 and	 poor	 water	
stability.	 In	 contrast,	 covalent	 organic	 frameworks	
(COFs)	 are	 crystalline,	 porous	 materials	 that	 are	
metal-free	and	exhibit	excellent	thermal	and	chemical	
stability.		



	
Figure	1:	Schematic	of	the	one-pot	synthesis	of	the	enzyme-encapsulated	covalent	organic	framework	(Inside	the	dotted	
box:	C3	dark	blue	linker	represents	1,3,5-triformylpholoroglucinol	(Tp),	C2	orange	linker	represents	4,4-azodianiline(Azo).	
Bottom:	The	Kigures	are	representative	of	the	class	of	proteins	and	enzymes	used	in	this	study	and	not	of	the	individual	
enzyme	or	protein	used.

Furthermore,	 COFs	 remain	 stable	 in	 aqueous	
environments,	 offering	 a	 more	 biocompatible	
alternative	 with	 improved	 control	 over	 the	
microenvironment.30,31	 Despite	 these	 advantages,	
effective	 enzyme	 encapsulation	 in	 COFs	 remains	 a	
challenge	 due	 to	 factors	 such	 as	 size	 mismatch	
between	 enzyme	 molecules	 and	 COF	 pores,	 harsh	
synthesis	 conditions,	 and	 difficulty	 in	 achieving	
uniform	enzyme	distribution.32-39	
A	critical	aspect	of	enzyme-encapsulated	COFs	is	their	
proper	characterization,	essential	 for	understanding	
the	 enzyme-COF	 interactions,	 encapsulation	
efficiency,	and	structural	stability.	However,	current	

characterization	 techniques	 face	 several	 challenges.	
Conventional	spectroscopic	and	diffraction	methods,	
such	 as	 Fourier-transform	 infrared	 (FTIR)	
spectroscopy,	 powder	X-ray	diffraction	 (PXRD),	 and	
thermogravimetric	 analysis	 (TGA),	 often	 fail	 to	
provide	direct	 evidence	of	 enzyme	encapsulation	 at	
the	 molecular	 level.37	 Additionally,	 the	 inherent	
complexity	 and	 heterogeneity	 of	 enzyme-COF	
composites	make	 it	 difficult	 to	 distinguish	 between	
physically	 adsorbed	 and,	 indeed,	 encapsulated	
enzymes.	The	presence	of	multiple	functional	groups	
in	both	 the	COF	 framework	and	 the	enzyme	 further	
complicates	the	spectral	interpretation.		



	

Figure	2:	(a)	Powder	X-ray	diffraction	(PXRD)	of	TpAzo	COF	and	BGL@TpAzo	COF.	(b)	N2	adsorption	isotherms	of	TpAzo	
COF	and	BGL@TpAzo	COF.	 (c)	SEM	(d)	TEM	image	of	BGL@TpAzo	COF.	(e)	Solid-state	1H	NMR	of	BGL,	TpAzo	COF,	and	
BGL@TpAzo	COF.	(f)	Solid-state	13C	NMR	of	TpAzo	COF	and	BGL@TpAzo	COF.	(g)	FT-IR	spectra	of	TpAzo	COF.	(h)	TGA	curve	
of	TpAzo	COF,	BGL,	BGL@TpAzo	COF	before	and	after	SDS	wash.	(i)	MagniKied	portion	of	TGA	curves	between	200	to	400	°C.	
(j)	List	of	encapsulation	percentages	of	all	the	enzymes	before	and	after	SDS	(10%	w/v)	wash.	

Moreover,	 commonly	 used	 enzyme	 activity	 assays	
only	provide	 indirect	evidence	of	encapsulation	and	
do	not	elucidate	the	structural	integrity	of	the	enzyme	
within	the	COF.41	
To	 overcome	 these	 limitations,	 advanced	
characterization	 techniques	 such	 as	 solid-state	 2D	
nuclear	 magnetic	 resonance	 (NMR)	 spectroscopy,	
scattering-type	 scanning	 near-field	 optical	

microscopy	 (s-SNOM),	 and	 nanoscale	 Fourier-
transform	 infrared	 spectroscopy	 (nanoFTIR)	 have	
been	 employed.42-45	 These	 methods	 enable	 direct	
visualization	 of	 enzyme-COF	 interactions	 at	 the	
molecular	 level	 and	 provide	 high-resolution	
structural	 insights.	 Here,	 we	 developed	 an	 aqueous	
synthesis	method	that	allows	enzyme	encapsulation	
under	 ambient	 conditions,	 preserving	 enzyme	
integrity	while	forming	stable	COF	structures.		



	
Figure	3: s-SNOM	infrared	 imaging	(Near-Kield	optical	spectroscopy)	of	 individual	nanocrystals	of	exposed	BGL@TpAzo	
COF.	(a)	A	white	light	optical	amplitude	image	for	BGL@TpAzo	COF	treated	nanocrystal.	(b)	Near-Kield	mid-IR	spectra	of	
BGL@TpAzo	COF	nanocrystals	were	obtained	via	nanoFTIR	multi-point	line	scans,	which	measured	points	1-4	under	laser	
A	region	(650-1350	cm-1).	(c)	Optical	amplitude	image	for	BGL@TpAzo	COF	nanocrystals.	(d)	Near-Kield	mid-IR	spectra	of	
BGL@TpAzo	COF	nanocrystals	obtained	via	nanoFTIR	multi-point	line	scans	measurements	for	points	1-6	under	Laser	C	
region	 (1350	 –	 2250	 cm-1).	 (e)	 nanoFTIR	 contour	 plots	 were	 obtained	 with	 Laser	 A	 to	 prove	 the	 BGL@TpAzo	 COF	
nanocrystals.	(f)	nanoFTIR	contour	plots	were	obtained	with	Laser	C	probing	BGL@TpAzo	COF	nanocrystals	(Green,	yellow,	
and	red	color	zones	indicate	incremental	absorption	intensity).	
We	 designed	 a	 one-pot	 biomineralization-inspired	
methodology	 wherein	 enzymes	 self-assemble	 with	
COF	 linkers	 during	 synthesis,	 leading	 to	 the	 co-
precipitation	 of	 enzyme@COF	 composites.	 The	
application	 of	 2D	 solid-state	 NMR,	 s-SNOM,	 and	
nanoFTIR	confirmed	the	presence	of	enzymes	within	
the	COF	matrix	and	their	stable	interactions.	

The	 encapsulated	 enzymes,	 such	 as	 β-glucosidase	
(BGL)	and	alkaline	phosphatase	(ALP),	demonstrated	
efficient	 catalytic	 activity	 and	 recyclability	 while	
maintaining	 stability	 in	 harsh	 conditions,	 such	 as	
exposure	 to	a	1-15%	aqueous	SDS	solution.	Beyond	
these	 two	 enzymes,	 our	 strategy	 also	 enabled	 the	
encapsulation	 of	 eight	 other	 enzymes	 and	 proteins,	
such	as	cellobiohydrolase	(CBH),	endoglucanase	(EG),	



cellulase,	 trypsin,	 chymotrypsin,	 bovine	 serum	
albumin	(BSA),	and	green	fluorescent	protein	(GFP),	
showcasing	 the	 versatility	 and	 potential	 of	 COFs	 as	
robust	hosts	for	biocatalysis.	
	
RESULTS	AND	DISCUSSION:		
The	 keto-enamine-based	 TpAzo	 COF	was	 chosen	 as	
the	 model	 host	 carrier	 owing	 to	 its	 higher	 surface	
area,	 stability,	 crystallinity,	 and	 structural	 integrity.	
Guo	 et	 al.	 previously	 reported	 the	 synthesis	 of	
covalent	 organic	 frameworks	 using	 imidazole.46	
Following	 this	 methodology,	 we	 fabricated	 the	
enzyme-encapsulated	TpAzo	COF	 in	 the	presence	of	
imidazole.	 Imidazole	 plays	 a	 crucial	 role	 in	 the	
formation	of	the	COF	by	facilitating	the	dissolution	of	
monomers,	such	as	the	aldehyde	and	amine,	in	water.	
This	 is	 due	 to	 imidazole’s	 ability	 to	 form	 hydrogen	
bonds,	as	it	possesses	both	hydrogen	bond	donor	and	
acceptor	sites.	Furthermore,	its	weakly	acidic	nature	
catalyzes	 the	 Schiff	 base	 reaction	 between	 the	
aldehyde	and	amine	groups,	leading	to	the	formation	
of	 the	 COF.	 The	 enzyme-encapsulated	 COF	 was	
synthesized	 in	 an	 aqueous	 medium	 at	 room	
temperature.	 Typically,	 0.05	 mmol	 of	 1,3,5-
triformylpholoroglucinol	 (Tp),	 0.075	 mmol	 of	 4,4-
azodianiline	(Azo),	0.5	mmol	of	imidazole,	and	1	mg	of	
enzyme	or	protein	were	added	in	1	mL	Mili-Q	water	
in	a	10	mL	glass	vial.	The	mixture	was	allowed	to	stir	
for	 24	 hours	 (Figure	 1).	 During	 this	 process,	 the	
enzyme	 starts	 assembling	with	 the	 linkers	 and	 self-
assembles	 during	 the	 condensation	 (imine	 to	
enamine)	 of	 the	 linkers,	 resulting	 in	 the	 co-
precipitation	 of	 the	 enzyme-encapsulated	 COF	
(Figure	 1).	 The	 as-synthesized	 precipitate	 was	
repeatedly	washed	with	water	 and	 then	with	 10	%	
aqueous	SDS	solution.	The	enzyme-encapsulated	COF	
was	 thoroughly	 rinsed	 again	 with	 Milli-Q	 water	
several	 times	 to	ensure	 the	 removal	of	 any	 residual	
SDS	 molecules	 from	 the	 surface	 of	 the	 enzyme-
encapsulated	 COF	 matrix	 and	 was	 dried	 by	 freeze	
drying	for	further	characterization.	This	methodology	
was	used	on	enzymes	and	proteins	such	as	BGL,	CBH,	
EG,	ALP,	proteases,	BSA,	lipase,	cellulase,	and	GFP	to	
synthesize	 enzyme-encapsulated	 COFs.	We	 selected	
BGL-encapsulated	 COF	 for	 further	 characterization.	
The	 powder	 X-ray	 diffraction	 (PXRD)	 patterns	 of	
TpAzo	COF	and	BGL@TpAzo	COF	show	a	diffraction	
peak	 at	 3.2°	 (2Ɵ)	 corresponding	 to	 diffraction	 from	
the	 (100)	 planes	 and	 another	 peak	 at	 5.6°	 (2Ɵ)	
corresponding	 to	 the	 diffraction	 from	 (110)	 planes	
(Figure	 2a).	 These	 PXRD	 patterns	 affirm	 the	
crystalline	 nature	 and	 the	 presence	 of	 an	 ordered	
channel	 in	 the	TpAzo	COF.	Brunauer-Emmett-Teller	
(BET)	surface	area	of	the	as-synthesized	TpAzo	COF	is	
1180	m2	g-1	(Figure	2b).	Non-local	density	functional	
theory	 (NLDFT)	 shows	 the	 porosity	 of	 the	 COF	
centered	 at	 1.3	 nm	 (Figure	 S2).	 N2	 adsorption	

measurement	 of	 BGL@TpAzo	 COF	 shows	 a	 type-I	
isotherm	and	BET	surface	area	of	450	m2	g-1	and	pore	
size	distribution	centered	at	1.3	nm	(Figure	2b).	The	
reduction	of	the	surface	area	is	due	to	the	occupancy	
by	 BGL.	 Time-dependent	 scanning	 electron	
microscopy	 (SEM)	 images	 exhibit	 the	 stepwise	
assembly	 of	 COF	 crystallites	 with	 the	 enzymes	 for	
encapsulation.	 After	 six	 hours,	 we	 observed	 the	
formation	of	randomly	oriented	COF	crystallites	and	
the	 presence	 of	 BGL	 (Figure	 S3).	 Gradually,	 these	
crystallites	 started	 assembling	 into	 sheet-like	
structures,	encapsulating	the	BGL	(Figure	S2).	Finally,	
the	 assembled	 structures	 of	 BGL-encapsulated	 COF	
sheets	 were	 co-precipitated	 (Figures	 2c	 and	 S3).	
Lattice	 fringes	 in	 the	 high-resolution	 transmission	
electron	 microscopy	 (HR-TEM)	 images	 of	 the	
BGL@TpAzo	COF	reveal	the	crystalline	porous	nature	
of	the	composite.		(Figures	2d	and	S4).	Solid-state	1H	
NMR	affirms	the	presence	of	BGL	in	TpAzo	COF.	The	
spectra	 were	 observed	 after	 DQ	 (double	 quantum)	
filtering	 to	 suppress	 1H	 signals	 of	 residual	 solvent,	
highlighting	the	rigid	BGL	and	COF	signals	(Figure	2e).	
1H	solid-state	NMR	of	TpAzo	COF	shows	the	presence	
of	aromatic	protons	in	the	region	from	δH	≃	5-9	ppm	
and	-N-H	protons	around	δH	≃	13	ppm.	1H	solid-state	
NMR	of	free	BGL	shows	two	kinds	of	peaks.	Aromatic	
and	amide	proton	signals	appear	between	δH	≃	5-10	
ppm,	and	aliphatic	protons	(α	1Hs	and	β	1Hs)	fall	in	the	
region	of	δH	≃	0-4	ppm	(Figure	2e).	Consequently,	1H	
solid-state	 NMR	 of	 BGL@TpAzo	 COF	 shows	 an	
additional	signal	 in	 the	region	δH	≃	0-4	ppm	arising	
from	the	α	and	β	1Hs	of	BGL	encapsulated	 in	TpAzo	
COF	(Figure	2e).	Solid-state	13C	NMR	spectra	of	TpAzo	
COF	 and	 BGL@TpAzo	 COF	 were	 taken	 from	 13C	
projection	of	2D	13C-1H	correlation	spectra.	13C	NMR	
spectrum	 of	 TpAzo	 COF	 shows	 the	 presence	 of	
aromatic	carbon	in	the	region	of	δ13C	≃	110-160	ppm.	
In	 addition	 to	 aromatic	 carbons,	 BGL@TpAzo	 COF	
exhibits	 13C	NMR	peaks	at	δ13C	≃	30-70	ppm,	which	
indicates	the	presence	of	aliphatic	carbon,	thus	BGL,	
in	 the	 TpAzo	 COF	 (Figure	 2f).	 Fourier-transform	
infrared	spectroscopic	(FT-IR)	analysis	of	TpAzo	COF	
shows	the	characteristic	peaks	at	1615	cm-1	(―C═O),	
1568	cm-1	 (―C═C―),	and	1282	cm-1	 (C─N)	(Fig.	2g).	
All	 these	 characteristic	 peaks	 affirm	 the	 β-
ketoenamine	 structure	 of	 the	 COF	 backbone.	 The	
thermogravimetric	 analysis	 (TGA)	 curve	 affirms	 the	
thermal	stability	of	TpAzo	COF	up	to	a	temperature	of	
400	°C	(Figure	2h).	The	TGA	curve	of	free	BGL	shows	
the	degradation	of	BGL	in	the	region	from	200	to	400	
°C.	TGA	curves	of	BGL@TpAzo	COF	before	and	after	
SDS	(10%	w/v)	wash	show	a	deeper	fall	compared	to	
the	pristine	COF,	corresponding	to	the	percentage	of	
BGL	encapsulated	in	the	COF	(Figures	2h	and	2i).	The	
percentages	(wt/wt)	of	encapsulated	BGL	before	and	
after	 SDS	wash	 are	 16%	 and	 9%,	 respectively.	 SDS	
disrupts	both	the	intramolecular	and	intermolecular		



	

Figure	4: (a-e)	nanoFTIR	derived	resolved	3D	absorption	contour	plots	obtained	for	BGL	encapsulated	COF	(BGL@TpAzo	
COF)	nanocrystals	revealing	BGL	embodiment	for	distinctive	absorption	peaks	at	ω	(1042	cm-1),	σ	(1301	cm-1),	ρ	(1390	cm-

1),	 γ	 (1537	 cm-1),	 ψ	 (1640	 cm-1).	 (f)	 Comparison	 of	 averaged	 (Avg.)	 near-Kield	 mid-IR	 spectra	 of	 BGL@TpAzo	 COF	
nanocrystals	(red	spectrum)	obtained	via	nanoFTIR	multi-point	line	scans	measurements	combining	laser	A	and	laser	C	
with	that	of	the	enzyme	(BGL;	black	spectrum)	and	TpAzo	COF	alone	(dotted	spectrum,	blue	spectrum).	

non-covalent	 interactions	 of	 enzymes	 and	 the	
interactions	between	the	enzyme	and	COF	surfaces.47	
This	 causes	 the	 detachment	 of	 the	 surface-attached	
enzymes.	 Following	 this	 methodology,	 we	 screened	
nine	 other	 enzymes	 and	 proteins,	 namely	 CBH,	 EG,	

chymotrypsin,	 BSA,	 cellulase,	 ALP,	 GFP,	 lipase,	 and	
trypsin,	 to	 validate	 this	methodology.	 Encapsulation	
percentages	(wt/wt)	of	CBH,	EG,	chymotrypsin,	BSA,	
cellulase,	 ALP,	 GFP,	 lipase,	 and	 trypsin	 before	SDS	
wash	 are	 2.7,	 5,	 18,	 20,	 18,	 13,	 20,	 20,	 and	 21%,	



respectively	(Figures	2j	and	S16)	and	after	SDS	wash	
are	 2.7,	 4.1,	 16,	 17,	 13,	 5,	 1,	 10,	 13%,	 respectively	
(Figures	2j	and	S17).		

The	use	of	near-nield	 infrared	nanospectroscopy	 for	
investigating	frameworks	related	to	stabilization	and	
guest	 conninement	 phenomena	 is	 becoming	
established	in	the	literature.43-45	In	order	to	prove	the	
encapsulated	BGL	 in	 the	TpAzo	 framework	and	 nind	
spectral	 features	 for	 both	 pristine	 COF	 and	
BGL@TpAzo	 COF,	 s-SNOM	 and	 nanoFTIR	 were	
performed.	Well-dispersed	and	consistently	prepared	
crystal	 domains,	 ranging	 down	 to	 the	 nanometer	
scale,	 were	 utilized	 for	 s-SNOM	 (scattering-type	
scanning	 near-nield	 optical	 microscopy)	 studies	
(Figure	 S7).	 The	 nanocrystals	 displayed	 distinct	
geometric	 features	 characterized	 by	 smooth	 edges	
and	 nlake-like	 morphologies	 (Figures	 3a	 and	 3c).	
Simultaneous	 nanoFTIR	 (nanoscale	 Fourier-
transform	infrared)	spectroscopy	of	BGL@TpAzo	COF	
exhibited	 a	 consistent	 peak	 pattern	 in	 the	 mid-
infrared	 region.	 Notable	 absorption	 bands	 were	
observed	 at	 840,	 1263,	 1287,	 and	 1616	 cm⁻¹,	
originating	 from	 the	 TpAzo	 COF	 backbone.	
Additionally,	characteristic	peaks	at	1038,	1120,	1172,	
1315,	 1414,	 and	 1453	 cm⁻¹	 were	 attributed	 to	 the	
encapsulated	BGL.	The	presence	of	BGL	was	 further	
connirmed	 by	 absorption	 bands	 in	 the	 amide-II	
region48	(1514,	1539,	1540,	1549,	and	1570	cm⁻¹)	and	
the	 amide-I	 region45	 (1645,	 1659,	 1668,	 and	 1682	
cm⁻¹)	 (Figures	 3b	 and	 3d).	 These	 peaks	 closely	
matched	 the	 ATR-FTIR	 far-nield	 spectral	 features	
(Figures	 S5	 and	 S6a)	 and	 exhibited	 the	 composite	
nature	 of	 the	 material	 (Figures	 3f	 and	 S5).	 The	
distinctive	vibrational	bands,	representing	features	of	
both	the	host	framework	(COF)	and	the	guest	enzyme,	
were	further	observed	in	3D	contour	plots	(Figures	3e	
and	 3f).	 These	 plots	 were	 derived	 from	 near-nield	
measurements	 using	 Laser	 A	 and	 Laser	 B	 over	
uniformly	scanned	regions	and	multiple	points	along	
the	sample	line	(BGL@TpAzo	COF).		

These	observations	are	further	connirmed	by	multiple	
point	 scans	 performed	 across	 the	 pristine	 and	
composite	samples	(Figures	S7-S10).	This	study	also	
demonstrates	 the	 stability	 of	 BGL@TpAzo	 COF	
towards	heat	treatment	(90-100	°C).	BGL@TpAzo	COF	
retaining	its	framework	after	baking	at	90–100 °C	and	
subsequent	 humidity	 exposure.	 Structural	 integrity	
was	 connirmed	 by	 point	 scan	 analysis	 along	 the	
nanocrystals	(Figures	3a–3d).	

The	resolved	analysis	of	3D	contour	plots	(Figures	4a-
4e)	 and	 the	 averaged	 spectra	 of	 the	 composite	
BGL@TpAzo	COF,	alongside	the	IR	bands	of	the	guest	
enzyme	 (BGL,	 black	 spectrum)	 and	 the	 host	 COF,	

suggests	 that	 the	 composite	 exhibits	 strong	 IR	
absorption	 bands	 in	 the	 mid-IR	 region	 (Figure	 4f).	
These	 bands	 include	 characteristic	 peaks	 from	 the	
host	 and	 guest	moieties.	 The	 host,	 being	 present	 in	
bulk,	 is	 expected	 to	 exhibit	 prominent	 features.	
However,	a	closer	examination	of	the	3D	contour	plots	
obtained	via	the	s-SNOM	technique	reveals	distinctive	
absorption	bands	corresponding	to	the	loaded	guest	
motifs	at	specinic	frequencies:	ω	(1042	cm⁻¹),	σ	(1301	
cm⁻¹),	 ρ	 (1390	 cm⁻¹),	 γ	 (1537	 cm⁻¹),	 and	 ψ	 (1640	
cm⁻¹)	(Figures	4a-4e,	respectively).	The	absence	of	ω,	
σ,	 ρ,	 γ,	 and	 ψ	 bands	 in	 TpAzo	 COF,	 their	 exclusive	
presence	 in	 BGL,	 and	 their	 manifestation	 in	
BGL@TpAzo	COF	indicate	composite	characteristics.	
This	 observation	 aligns	 with	 the	 far-IR	 spectral	
features	revealed	in	the	second	derivative	analysis	of	
BGL	 (Figure	 S6b).	 These	 observations	 connirm	 the	
successful	 loading	 and	 prominent	 presence	 of	 the	
enzyme	 (guest)	 within	 the	 host	 framework.	 The	
nindings	 from	 the	 s-SNOM	 technique	 were	 further	
validated	 using	 far-nield	 infrared	 spectroscopic	
measurements	 conducted	 on	 the	 composite	
nanoparticles	within	the	measurement	range	of	650	
cm⁻¹	 to	 2000	 cm⁻¹.	 These	 measurements	 were	
compared	 with	 pristine	 COF	 particles,	 which	
exhibited	 nanometer	 to	 micrometer-scale	 thickness	
(Figures	S9	and	S10).	Both	samples	were	subjected	to	
controlled	 humidity	 exposure	 to	 replicate	 the	
conditions	used	in	the	s-SNOM	analysis.  
We	performed	a	series	of	1H	double	quantum	(DQ)-1H	
single	 quantum	 (SQ)	 homonuclear	 and	 13C-1H	
heteronuclear	 correlation	 solid-state	 NMR	
experiments	 to	 probe	 the	 interatomic	 proximities	
within	 approximately	 4	 Aw ,	 thereby	 connirming	
encapsulation	of	BGL	with	the	TpAzo	COF	scaffold.	1H	
DQ	 frequency	 corresponds	 to	 the	 sum	 of	 the	 1H	
chemical	shifts	of	two	interacting	protons,	and	the	1H	
SQ	frequency	is	determined	by	the	chemical	shifts	of	
individual	protons.	All	peaks	observed	in	TpAzo	COF	
and	 BGL	 align	 with	 their	 respective	 molecular	
structures	(Figures	5a-5f).	Owing	to	the	high	MAS	rate	
of	70	kHz,	the	1H	NMR	spectra	exhibit	high-resolution	
peaks.	1H	peaks	around	8	ppm	are	present	in	TpAzo	
COF	and	BGL,	corresponding	 to	aromatic	and	amide	
protons,	 respectively.	 Additionally,	 distinct	 peaks	
appear	at	13	ppm	for	TpAzo	COF	(―N―H	protons)	and	
0-2	 ppm	 for	 BGL	 (α	 and	 β	 protons).	 The	
intramolecular	 correlations	 at	 (1H	DQ,	 1H	SQ)	 =	 (20	
ppm,	 7/13	 ppm)	 in	 TpAzo	 COF	 and	 (10	 ppm,	 2/8	
ppm)	in	BGL	corroborate	these	spectral	assignments.	
Furthermore,	 13C-1H	correlation	 spectra	 connirm	 the	
presence	of	aromatic	correlations	at	(13C,	1H)	=	(110-
150	ppm,	8	ppm)	in	TpAzo	COF	and	the	correlation	of	
α/β	CH	at	(13C,	1H)	=	(20/60	ppm,	1/5	ppm)	in	BGL.	
All	of	these	correlation	peaks	are	also	observed	in		



	

Figure	5: (a)	Structure	of	TpAzo	COF.	(b)	1H-1H	DQ-SQ	spectra	of	TpAzo	COF.	(c)	1H-13C	double	CP	spectra	of	TpAzo	COF.	(d)	
Structure	of	BGL.	(e)	1H-1H	DQ-SQ	spectra	of	BGL.	(f)	1H-13C	double	CP	spectra	of	BGL.	(g)	Structure	of	BGL@TpAzo	COF.	(h)	
1H-1H	DQ-SQ	spectra	of	BGL@TpAzo	COF.	(i)	1H-13C	double	CP	spectra	of	BGL@TpAzo	COF.	

BGL@TpAzo	 COF	 spectra	 (Figures	 5h	 and	 5i),	
indicating	the	existence	of	TpAzo	COF	and	BGL	within	
the	BGL@TpAzo	COF	framework.	More	importantly,	a	
closer	look	at	the	(1H	DQ,	1H	SQ)	correlation	spectrum	
of	BGL@TpAzo	COF	reveals	intermolecular	proximity	
between	α/β	protons	of	BGL	and	NH	protons	of	TpAzo	
COF	at	(1H	DQ,	1H	SQ)	=	(15-18	ppm,	2-5	ppm),	further	
supporting	the	encapsulation	of	BGL	within	the	TpAzo	
COF	framework	(Figures	5g	and	5h).	Additionally,	the	
identical	 spectral	patterns	observed	 in	 1H	DQ-1H	SQ	
and	13C-1H	spectra	connirm	the	structural	integrity	of	
the	 COF	 scaffold	 in	 BGL@TpAzo	 COF.	 The	 same	
analysis	was	conducted	for	ALP@TpAzo	COF	(Figure	
S12),	where	 the	 intermolecular	 correlation	between	
α/β	protons	of	ALP	and	N―H	protons	of	TpAzo	COF	
strongly	supports	the	encapsulation	of	ALP	within	the	
TpAzo	COF	framework.	While	no	clear	intermolecular	
correlations	were	observed	in	chymotrypsin@TpAzo	

COF	 (Figure	 S13),	 the	 spectral	 patterns	 connirm	 the	
coexistence	of	chymotrypsin	and	TpAzo	COF.	

We	 performed	 a	 3D	 confocal	 laser	 scanning	
microscopic	image	(CLSM)	experiment	using	a	labeled	
FITC	(Fluorescein	 isothiocyanate)	enzyme.	3D	CLSM	
was	 executed	 before	 and	 after	 the	 wash	 of	 FITC-
Enzyme@COF	with	10%	SDS.	The	intense	nluorescent	
signal	 from	 the	 green	 channel	 before	 the	 SDS	wash	
afnirms	 the	 presence	 of	 FITC-BGL	 in	 TpAzo	 COF	
(Figure	6a).	However,	the	nluorescence	intensity	of	the	
green	channel	drops	after	 the	SDS	wash,	as	surface-
adsorbed	 FITC-BGL	 	 washed	 away	 (Figure	 6b).	
Similarly,	 EG	was	 labeled	with	 FITC,	 and	 CLSM	was	
performed	with	 the	 as-synthesized	FITC-EG@TpAzo	
COF	before	and	after	10	%	SDS	wash.	The	nluorescence	
intensity	of	the	green	signal	before	and	after	10%	SDS		



	

Figure	6:	Confocal	microscopy	images	of	FITC-labeled	BGL	(FITC-BGL)	encapsulated	in	TpAzo	COF	before	and	after	
SDS	wash	(a)	Before	SDS	wash:	(I)	TpAzo	COF,	(II)	FITC-BGL,	(III)	merged	overlay	of	I	and	II.	(b)	After	SDS	wash:	(I)	
TpAzo	COF.	(II)	FITC-BGL	(III)	overlay	of	I	and	II.	(c)	Schematic	diagram	of	BGL@TpAzo	COF	catalyzing	the	hydrolysis	
of	p-nitrophenyl-β-D-glucopyranoside	(pNPGlc)	 to	p-nitrophenol	(pNP).	 (d)	Conversion	kinetics	of	pNPGlc	 to	pNP	
catalyzed	by	free	BGL	and	BGL@TpAzo	COF.	(e)	Recyclability	of	BGL@TpAzo	COF	over	multiple	cycles.	(f)	Relative	
enzymatic	activity	of	free	BGL	and	BGL@TpAzo	COF	in	the	presence	of	10	%	(w/v)	SDS	solution.	

wash	remained	identical	(Figure	S14),	as	EG	interacts	
strongly	 with	 the	 functional	 groups	 of	 the	 COF	

surface.49	 We	 also	 performed	 3D	 CLSM	 of	 FITC-
CBH@TpAzo	COF	before	and	after	the	SDS	wash.	The	



intensity	of	the	green	channel	dropped	after	the	SDS	
wash	(Figures	S15a	and	S15b).	These	results	connirm	
the	encapsulation	of	FITC-CBH	in	the	TpAzo	COF.	We	
performed	 3D	 CLSM	 of	 the	 GFP@TpAzo	 COF.	 An	
intense	 green-nluorescent	 image	 before	 SDS	 wash	
reveals	 the	 presence	 of	 GFP	 in	 the	 COF	 matrix.	
However,	 after	 the	 SDS	wash,	 the	 nluorescent	 signal	
was	 diminished	 (Figures	 S15c	 and	 S15d).	 This	
connirmed	that	SDS	obliterates	the	GFP	from	the	COF	
backbone,	 which	 is	 consistent	 with	 the	 TGA	
experiment	 that	 was	 previously	 performed	 to	
calculate	 the	 percentage	 of	 encapsulation	 of	 GFP	
before	and	after	SDS	wash.	We	hypothesize	that	GFP	
gets	encapsulated	only	in	the	COF	surface	rather	than	
inside	the	matrix.		

We	 investigated	 the	 effect	 of	 imidazole	 on	 the	 3D	
conformation	of	the	enzyme	during	the	enzyme-COF	
composite	 formation.	We	have	 incubated	BGL	 in	 the	
Milli-Q	water	 and	 0.5	millimolar	 aqueous	 imidazole	
solution	separately	at	room	temperature	for	twenty-
four	hours.	Buffer	exchange	was	performed	to	remove	
the	 residual	water	 and	 imidazole	 from	 the	 solution.	
We	 have	 recollected	 the	 BGL	 in	 the	 buffer	 and	
performed	 the	 circular	 dichroism	 (CD)	 experiment.	
We	have	seen	identical	CD	spectra	of	BGL	recovered	
from	 water	 and	 imidazole	 solutions,	 respectively	
(Figure	 S18).	 These	 spectra	 afnirm	 that	 the	 tertiary	
structure	was	retained	and	not	perturbed	even	after	
incubation	in	the	imidazole	solution.	This	establishes	
the	 non-denaturing	 property	 of	 imidazole	 towards	
BGL.	

We	 checked	 the	 activity	 of	 the	 BGL	 encapsulated	 in	
TpAzo	COF.	BGL	hydrolyzes	the	para-nitrophenyl-β-D-
glucopyranoside	(pNPGlc)	to	para-nitrophenol	(pNP)	
(Figure	6c).		BGL	and	BGL	encapsulated	in	TpAzo	COF	
fully	 convert	 the	 substrate	 in	 21	 hours	 (Figure	 6d).		
We	 measured	 the	 recyclability	 of	 the	 BGL@TpAzo	
COF,	and	it	retains	98%	of	its	initial	activity	after	ten	
cycles	 (Figure	 6e).	 The	 TpAzo	 COF	 holds	 it’s	
crystallinity	 after	 ten	 cycles	 (Figure	 S11).	 We	
measured	kinetic	parameters	such	as	Km	and	Vmax	of	
free	BGL	and	BGL@TpAzo	COF.	Vmax	of	 free	BGL	and	
BGL-encapsulated	COF	are	 	402.1±9.2	µM	min-1	 and	
277.7±7.5	 µM	 min-1.	 Km	 of	 free	 BGL	 and	 BGL-
encapsulated	 COF	 are	 	 1.9±0.2	mM	 and	 2	 ±0.3	mM	
(Figure	 S20).	 These	 results	 indicate	 that	 the	
encapsulated	 enzyme	 retains	 catalytic	 activity	 upon	
encapsulation.	Additionally,	the	decrease	in	Vmax	may	
renlect	 restricted	 molecular	 mobility	 or	 partial	
diffusion	limitations	within	the	COF	matrix.	We	then	
checked	the	protecting	capability	of	BGL@TpAzo	COF.	
We	immersed	the	free	BGL	and	BGL@TpAzo	COF	in	an	
SDS	 solution	 (10%	w/v).	 Free	BGL	 loses	 its	 specinic	
activity	completely	after	0.25	hours	(nifteen	minutes).	
BGL	encapsulated	in	TpAzo	COF	retains	82%	specinic	
activity	 after	 10	 days	 (Figure	 6f).	 Additionally,	 we	

incubated	both	free	BGL	and	BGL@TpAzo	COF	in	the	
presence	of	SDS	at	different	concentrations	(1-15%)	
for	 two	 hours	 to	 assess	 their	 stability.	 Our	 results	
show	that	free	BGL	is	highly	sensitive	to	SDS	and	loses	
enzymatic	activity	even	at	 low	concentrations	 (1%).	
In	 contrast,	 BGL@TpAzo	 COF	 exhibits	 remarkable	
stability	 in	SDS	solutions,	 retaining	86–90%	(Figure	
S21	 and	 section	 S4)	 of	 its	 relative	 activity	 across	
various	SDS	concentrations.	It	connirms	that	the	BGL	
is	protected	inside	the	COF	from	the	denaturing	agent	
like	 SDS.	 Also,	 we	 conducted	 stability	 experiments	
comparing	 the	 enzymatic	 activity	 of	 free	 β-
glucosidase	 (BGL)	 and	 encapsulated	 BGL	 in	 TpAzo	
COF	 (BGL@TpAzo	 COF)	 in	 various	 organic	 solvents.	
Free	BGL	exhibited	a	complete	loss	of	activity	across	
all	 tested	 solvents.	 In	 contrast,	 BGL@TpAzo	 COF	
retained	70–90%	of	its	initial	activity	in	the	presence	
of	a	wide	range	of	organic	solvents,	including	acetone,	
acetonitrile,	 dichloromethane	 (DCM),	 1,4-dioxane,	
dimethyl	 sulfoxide	 (DMSO),	 tetrahydrofuran	 (THF),	
dimethylformamide	 (DMF),	 methanol	 (MeOH),	
hexane,	 and	 o-xylene	 (Figure	 S22	 and	 section	 S4).	
These	results	highlight	the	enhanced	solvent	stability	
of	 the	 enzyme-encapsulated	 TpAzo	 COF	 matrix.	
Additionally,	we	conducted	experiments	to	assess	the	
long-term	 storage	 stability	 of	 free	 BGL	 and	 BGL	
encapsulated	 in	 the	 TpAzo	 COF	 (BGL@TpAzo	 COF)	
under	ambient	conditions	(25 °C).	Free	BGL	exhibited	
a	 complete	 loss	 of	 activity	 after	 10	 days	 of	 storage,	
indicating	 poor	 stability	 under	 this	 condition.	 In	
contrast,	 BGL@TpAzo	 COF	 retained	 approximately	
75%	and	73%	of	its	initial	enzymatic	activity	after	10	
and	25	days,	respectively	(Figure	S23).	These	nindings	
clearly	 demonstrate	 that	 the	TpAzo	COF	 framework	
signinicantly	 enhances	 the	 structural	 and	 functional	
stability	of	the	enzyme	over	extended	storage	periods.	
To	identify	specinic	interactions	between	BGL	and	the	
COF,	we	conducted ¹H	DQ–¹H	SQ	NMR	on	BGL@TpAzo	
COF,	 revealing	 hydrogen	 bonding	 between	 the	
enzyme’s	 Ha/Hb	 protons	 and	 the	 COF’s	 NH	 groups	
within	 4	 Aw 	 (Figure	 5h).	 In	 our	 previous	 work,	
molecular	 dynamics	 and	 QM/MM	 simulations	
revealed	 specinic	 non-covalent	 interactions	 between	
BGL	and	the	TpAzo	COF-Foam.49	The	β-ketoenamine	
backbone	 of	 TpAzo	 COF,	 with	 its	 NH	 protons	 and	
oxygen	atoms,	serves	as	both	a	hydrogen	bond	donor	
and	 acceptor,	 enabling	 selective	 binding	 to	
complementary	 groups	 on	 the	 enzyme.	 Combined	
with	NMR	data,	these	nindings	connirm	the	presence	of	
specinic	 hydrogen	bonding	 interactions	 between	 the	
enzyme	 and	 the	 COF.	 After	 BGL,	 we	 checked	 the	
activity	 of	 encapsulated	 ALP	 in	 the	 COF.	 ALP	
hydrolyses	the	phosphate	monoester	and	releases	the	
phosphate	 group	 from	 any	 organic	 molecule	 in	
alkaline	 conditions.	 We	 have	 taken	 p-nitrophenyl	
phosphate	 (pNPP)	 and	 applied	 ALP@TpAzo	 COF	 to	
produce	 p-nitrophenol	 (pNP)	 (Figure	 S19a).	 The	
ALP@TpAzo	 COF	 hydrolyzes	 completely	 within	 24	



hours	 (Figure	 S19b).	 ALP@TpAzo	 COF	 holds	 97%	
activity	 after	 ten	 cycles	 (Figure	 S19c).	 We	 also	
compared	 our	 encapsulation	 strategy	 and	
characterization	 methods	 with	 those	 employed	 in	
existing	 enzyme	 immobilization	 approaches	 using	
alternative	materials	(Table	S2).	

CONCLUSION	

In	conclusion,	we	have	developed	a	methodology	for	
fabricating	 enzyme-encapsulated	 covalent	 organic	
frameworks,	where	COF	crystallites	assemble	around	
the	enzyme	during	growth.	Using	solid-state	NMR,	s-
SNOM,	and	nanoFTIR	spectroscopy,	we	have,	 for	 the	
nirst	time,	connirmed	the	presence	of	enzymes	within	
the	COF	matrix	and	their	interaction.	Additionally,	3D	
CLSM	provided	detailed	visualization	of	the	enzyme-
encapsulated	 COF	 structure.	 We	 demonstrated	 that	
BGL	 and	 ALP-encapsulated	 COFs	 retain	 catalytic	
activity	 and	 are	 recyclable	 for	 at	 least	 ten	 cycles.	
Moreover,	BGL	encapsulated	in	COFs	exhibits	greater	
stability	 than	 free	 enzymes	 when	 exposed	 to	
denaturing	agents	like	SDS,	highlighting	the	protective	
nature	of	the	COF	matrix	under	harsh	conditions.	Also,	
BGL	 encapsulated	 in	 TpAzo	 COF	 shows	 long-term	
stability	 under	 ambient	 conditions,	 unlike	 free	BGL.	
We	screened	ten	different	enzymes	and	proteins	and	
further	validated	the	versatility	of	this	methodology.	
This	 work	 highlights	 the	 importance	 of	 advanced	
characterization	 techniques	 in	 establishing	 the	
structural	 and	 functional	 integrity	 of	 enzyme@COF	
composites.	We	believe	that	these	nindings	might	pave	
the	way	 for	 a	 sustainable	 and	 efnicient	 approach	 to	
heterogeneous	biocatalysis,	offering	new	possibilities	
for	 enzyme	 stabilization	 and	 reuse	 in	 the	
biotechnology	industry.	
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