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Abstract: The molecular-level investigation of enzyme
behavior in confined, cell-free environments is essential
to understanding intrinsic properties and optimizing
systems for desired functions. Metal-organic frameworks
(MOFs) provide unique structural features that enable
the immobilization of bulky biomolecules and allow
direct probing of enzymatic behavior under confine-
ment. Here, small-angle neutron scattering (SANS) was
employed to probe porosity changes in a highly crys-
talline Tb-mesoMOF and to reveal the spatial arrange-
ment of encapsulated enzymes across long-range length
scales. Structural characteristics such as framework void
space were resolved by SANS, while contrast-matching
experiments using D,O/H,O mixtures suppressed back-
ground scattering from the MOF and isolated the enzyme
contribution. Compared to unloaded Tb-mesoMOF,
cytochrome ¢ (Cyt. c)-loaded Tb-mesoMOF exhibited
the emergence of a broad scattering feature at low q
(~0.005 A1), indicative of enzyme clustering within the
framework, accompanied by enhanced loading rate and
capacity. Additional structural analyses using comple-

mentary techniques further corroborated these findings.

Introduction

Confinement of enzymes has a substantial influence on their
functions and stability, and dramatically enhances their feasi-
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bility in industrial processes due to low structural dynamics,
reduced product/substrate inhibition, and minimal leaching
behaviors.['"*) The immobilization of enzymes in metal-
organic frameworks (MOFs) has gained burgeoning attention
in fundamental and industrial research, due to the remarkable
structural properties of MOFs, like high crystallinity, the
large yet adjustable pore structures.”'2] Although significant
progress has been made in overcoming the intrinsic limita-
tions of enzymes in stability and recyclability, a fundamental
gap remains in understanding how confinement environments
influence enzyme arrangement and in developing strategies to
improve their accommodation efficiency.

Recent studies have repeatedly highlighted that enzyme
structural alterations, spatial arrangement, and host-guest
interactions play critical roles in regulating enzymatic per-
formance under confined environments.['*'°] Interestingly,
previous studies have proposed that oversized biomolecules
may adjust themselves during translocation into MOFs,
as their inherent conformational flexibility allows passage
through pore apertures.'’”'’l However, growing evidence
suggests that defects in MOFs also play a critical role in
the enzyme immobilization in addition to intrinsic nanoscale
porosity.[?2*l MOF defects can arise due to several fac-
tors, including synthetic conditions, activation process, and
external stimuli.[>*’1 Depending on the application, these
defects can be either beneficial or detrimental. For enzyme
immobilization, certain defects can enhance enzyme loading
efficiency and activity by providing additional transport
pathways and binding sites, thereby enabling the rapid
accommodation of larger and/or more complex biofunction-
alities. Despite this, only a few studies have clearly observed
the formation of enzyme aggregation or clustering within
MOF,?%3 and explored the impact of pore microenviron-
ment on enzyme loading efficiency.?*??] For example, our
previous work of site-directed spin labelling (SDSL) EPR
has exhibited high feasibility in clarifying the structure and
dynamics of conformationally constrained model lysozyme
(T4L) in channel-type MOF/COF/porous silica (PCN-128,
COF-ETTA-TPDA and MCM-41).["*] It unveiled the specific
interplays among enzymes and enzyme-MOF, resulting in
preferred enzyme orientation and close packing density
under distinct microenvironments (e.g., charge state and
hydrophobicity). However, the longstanding challenge in
directly observing such behaviors still exists. One reason
is the large molecular scale of enzymes, which results in
a high degree of structural flexibility and typically causes
them to be amorphous and randomly orientated within
the pores. Furthermore, the weak and complex enzyme-
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matrix interactions in MOFs are difficult to characterize via
traditional techniques. In preceding studies, the technique
of small-angle neutron scattering (SANS) was used to study
the size and shape of scattering particles in solution,3>33]
and examine the confinement effects on guest behaviors in
ordered mesoporous silica materials like MCM-41 and SBA-
15, though only providing relatively low-resolution structural
information.l’*¥l Meanwhile, our recent study demonstrated
the capability of SANS to unveil the spatial arrangement of
immobilized deuterated green fluorescence protein (d-GFP)
within hierarchically mesoporous MOF-919.3"] The findings
indicate that GFP molecules are closely packed within the
cavities and interact with each other through interconnected
windows to form small protein “clusters”.

With this in mind, we initiated this study with the aim of
revealing enzyme arrangement within spatially confined cavi-
ties, particularly in mesoporous MOFs, using a hydrogenated
enzyme loaded into large, highly ordered single crystals.
Interestingly, upon revisiting our earliest work encapsulating
cytochrome ¢ (Cyt. c¢) into Tb-mesoMOF crystals, new
findings suggest that the extended enzyme loading process
could be adjusted by introducing enzymes under varying
buffer concentrations, leading to the formation of enzyme
clusters in the cavities. To overcome the limitations of
traditional pathways, we employed the technique of contrast-
matching small-angle neutron scattering (CM-SANS) to
study the overall structures of immobilized biomolecules
in MOFs. Length scales of SANS (from 1 to 200 nm)
have been demonstrated to be well-fitted with the scale of
the permanent porosity of MOFs and, if present, enzyme
clusters confined in the interior cavities of MOFs.?>]
The scattering contrast originates from the differences in
neutron scattering length density (NSLD) among individ-
ual components in the hybrid biocomposites. The contrast
matching experiment suppresses the SANS signal of the MOF
matrix at certain D,O/H,O ratio, thereby allowing effective
extraction of the incorporated enzyme signal and enabling
the resolution of its overall conformation, dimensions, and
shape as an individual component. It is noteworthy that the
Tb-mesoMOF treated with higher concentrations of 2-amino-
2-(hydroxymethyl)propane-1,3-diol (Tris) buffer exhibited
significantly enhanced migration and immobilization of Cyt.
¢, leading to the formation of enzyme clusters arranged
within the framework. This observation is further supported
by SANS results at both dry and wet states, which reveal
that the successful loading and clustering of Cyt. ¢ within
Tb-mesoMOF correlates with the appearance of a broad
scattering hump in the low-q range. By employing contrast
matching and data modelling, we were able to isolate the
scattering contribution from the accommodated Cyt. ¢ and
subsequently resolve the spatial arrangement of a ~59.4 nm
superstructure inside Tb-mesoMOF.

Results and Discussion

Herein, we present comprehensive scattering data under
different conditions in a highly crystalline and hierarchical
mesoporous MOF, Tb-mesoMOF using regular enzyme Cyt.
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Figure 1. Structure of Tb-mesoMOF, including a) microporous truncated
tetrahedron (cyan sphere in mtn topology), b) two connected
mesopores (blue represents small mesopore and red represents large
mesopore). ¢) The structural dimensions of Cyt. ¢, and d) mtn topology
of Tb-mesoMOF. Color scheme (C: yellow, N: blue, O: red, Tb: purple).

¢ (Figure 1). The large nanocages of Tb-mesoMOF are
seemingly the primary candidate for encapsulating bulky
enzymes, and those large interior cavities are proposed to
isolate the enclosed enzymes effectively, preventing them
from aggregation and self-digestion. Tb-mesoMOF, also
known as Tb-TATB, is a terbium-based mesoporous MOF,
coordinated by 4, 4', 4”-s-triazine-2,4,6-triyl-tribenzoic acid
(H;TATB) and Tb** to form truncated super tetrahedrons
(Figure 1a) and two mesopores (Figure 1b,d).[*”] The small
mesopore (the blue in Figure 1b,d) is reported to be 3.9 nm in
diameter, with a measured pore size of ~3.0 nm, surrounded
by 12 pentagonal windows (the diameter is 1.3 nm). The
large nanocage (the red in Figure 1b,d) is 4.7 nm, with
a measured pore diameter of ~4.1 nm, having 12 pentagonal
and 4 hexagonal windows (the diameter is 1.7 nm). These
two mesopores are well-fitted with Cyt. ¢ (2.5 x 3.2 x 3.7
nm?®, 12k Da, Figure 1c), and the neighbouring pores are
fused through pentagonal windows, while hexagonal windows
connect two large mesocages. The well-defined geometric
properties of the chosen Tb-mesoMOF allow for ease in
experimental conduction, characterization, and modelling
using the technique of SANS.

The pore geometry of unloaded Tb-mesoMOF was first
determined by SANS in the dry state (Figure 2). The SANS
profiles are categorized into three regimes, associated with
the pore geometry of MOF and its hierarchical structures.
The low q region of 0.003-0.02 A~!, follows a mass fractal,
as indicated by the power law exponent of —2.95. The mass
fractal is formed by the network of aggregated mesopores. In
the middle q range, the scattering hump in the q range of 0.02—
0.06 A~! presumably associated with structural irregularities
or variations in density. There are three correlation peaks
located in the high q range of 0.06-0.4 A~!, associated with
three distinct pores in Tb-mesoMOF, including one micropore
and two mesopores. The solid red line in Figure 2 represents
the best fit of the full curve, obtained using a combined model
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Figure 2. SANS profile of guest-free Tb-mesoMOF and the
corresponding model fit. The solid red line corresponds to the best fit
using the summed model, including a power law for surface scattering,
a correlation length model for disordered pores, Gaussian functions for
the Bragg correlation peaks, and an incoherent scattering background.

that includes a power law for surface scattering, a correlation
length model for disordered pores, three Gaussian functions
for the Bragg correlation peaks, and an incoherent scattering
background (Table S1). To illustrate, SANS patterns of the
empty Tb-mesoMOF show three distinct Bragg peaks at
q = 0.0824, 0.16, and 0.263 A1, reflecting well-defined
long-range ordering. Under the reflection conditions of the
F(-4)3 m space group, these peaks correspond to the (111),
(311), and (511) reflections of the fcu-derived network.
Because neutron scattering probes NSLD contrast between
the metal-oxo clusters and the pore regions, these high q
peaks represent the mesoscopic periodicity of the pore-node
architecture. Changes in these features therefore provide a
direct and sensitive indicator of structural evolution within
Tb-mesoMOF during or after enzyme immobilization.

To effectively assess the spatial arrangement of Cyt. ¢ in
Tb-mesoMOF and exclude interference from Tb-mesoMOF
structural components, contrast-matching experiments
were carried out before SANS measurements of enzyme-
loaded MOF (details in Supporting Information Section
2.2). Neutron contrast is determined by the isotopic
composition of both the particle and the solvent, based
on the ubiquitous existence of hydrogen in biomolecules and
the dependence on the isotopic composition of scatterers and
their surrounding medium. This characteristic makes CM-
SANS an exceptionally powerful tool in neutron scattering, a
capability that is not available in other scattering techniques,
such as X-ray scattering, due to the differences in scattering
densities between components. The NSLD of Tb-mesoMOF
was calculated to be approximately 1.75 x 10~ A2 based
on a skeletal density of 0.57 g/cm?®, which was determined
from the previously reported structure file.[*"] The calculated
contrast matching point, where the solvent SLD matches the
NSLD of Tb-mesoMOF, occurs at approximately 34% D,0O
and 66% H,O in the solvent mixture. To accurately determine
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the experimental contrast-matching point for Tb-mesoMOF, a
series of mixtures with varying volume ratios of H,O and D,O
(40%, 60%, 80%, and 100% D,O) were employed to saturate
the composites (Figure S6). The optimal contrastmatching
ratio was identified as 60% D,O and 40% H,O (Figure S4
and Table S2), which is higher than the calculated value. The
reported contrast-matching point for Cyt. c is approximately
41% D,0,[*14] thereby allowing for the extraction of the
unmatched enzyme’s scattering signal to be extracted at 60%
D,O. This means that, at the contrast-matching point, the
scattering profile of Tb-mesoMOF is minimized and, thus the
scattering intensity of the accommodated enzymes become
more prominent.

The red curve in Figure 3a shows the scattering profiles of
unloaded Tb-mesoMOF at the contrast-matching condition in
60% D, 0. The disappearance of high q peaks of unloaded Tb-
mesoMOF in water indicates that ordered pores are accessible
to water, compared with Tb-mesoMOF in the dry state
(black curve). Concurrently, the low q scattering intensity
dropped due to the contrast change between the framework
and surrounding environment caused by the penetration of
solvent into the disordered pores. Interestingly, the scattering
hump position shifted to lower q, which indicates that the
contrast-matching fluid adjusts the visibilities of different
structural irregularities with specific length scales. In addition,
the residual scattering at low q regime arises from inaccessible
mesopores and density inhomogeneity, and the increased
background of Tb-mesoMOF in the wet state (red curve in
Figure 3a) is attributed to the incoherent scattering of H,O.
The successful loading of enzymes results in the reappearance
of high q peaks, which, although weak, are still noticeable.
This shift occurs due to the contrast change induced by
the entry of proteins into the nanopores. Additionally, a
prominent hump peak appears in the low q range, both in the
dry state and within the contrast-matching solvent following
enzyme loading, as shown by the green and blue curves in
Figure 3a. This scattering feature reflects the presence of
larger cavities formed in the material, which allow the accom-
modation of bulky enzyme molecules. Noteworthily, defective
MOFs have been demonstrated the capability to encapsulate
a wider range of biomolecule sizes, enabling the construction
of multifunctional hybrid biocatalysts.[?>*#] While it is
widely acknowledged that defects typically form during the
synthesis of pristine MOFs or post-synthetic modification,*]
it is less commonly recognized how buffer concentration and
species, particularly under acidic or alkaline conditions, affect
the enzyme loading process.

To further clarify the effects of Tris buffer on enzyme
immobilization, Cyt. c facilitated Tb-mesoMOF and unloaded
Tb-mesoMOF after immersion in water (25 mM NaCl),
10 mM, 20 mM, and 50 mM Tris buffer, were separately
measured using CM-SANS. All samples were prepared and
measured following the same procedures (see the details
in the Supporting Information). Compared with the SANS
profile of pristine Tb-mesoMOF, the high q of unloaded Tb-
mesoMOF treated with Tris buffer shows only a weak peak
at 0.4 A~!. This observation suggests the dramatic changes at
short real-space length scales, consistent with reduced NSLD
contrast due to pore filling, increased incoherent scattering
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Figure 3. SANS profiles of a) unloaded Tb-mesoMOF and Cyt. c loaded Tb- mesoMOF (prepared in 50 mM Tris buffer) at dry and wet states (60%
D0, contrast matching point), and b) Cyt. c loaded Tb- mesoMOF prepared in 10 mM, 20 mM, and 50 mM Tris buffer after the subtraction of MOF
scattering at contrast matching point. A secondary y-axis is included on the right to display the Cyt c@Tb-mesoMOF-50_60D scattering profile,
enabling clearer comparison with the other two wet samples. c) Scattering profiles of Tb-mesoMOF after treatment with 10, 20, and 50 mM Tris

buffer in the dry state.

from hydrogen-containing buffer species, and/or local struc-
tural disorder (Figures S7-S10). However, the emergence
of the hump at ~0.02 A~' in Tb-mesoMOF-50 reveals
the development of new large cavities (Figure 3c), with a
characteristic dimension of ~31.4 nm, derived from the radius
of gyration (Rg ~ 8.7 nm) obtained using Equation 2 (Section
3 in Supporting Information). The loading of Cyt. c@Tb-
mesoMOF in 10 mM, 20 mM, and 50 mM Tris buffer, resulted
in a broad hump peak at 0.004-0.01 A~! in the low q region
(blue shading in Figure 3a,b) under both dry and wet states.
This feature arises from the accommodated enzymes and
reflects the formation of seemingly closely packed “clusters”
within the cavity. However, this hump peak was not observed
in buffer-treated empty MOFs within the same range in
Figure 3c. To better depict the cluster size observed in the
SANS data, the enzyme scattering was extracted from loaded
samples by subtracting the background signal of unloaded
Tb-mesoMOF from that of the corresponding Cyt. c@Tb-
mesoMOF under the contrast matching condition (Figure 3b).
The size and shape of free Cyt. ¢ was first measured at
2 mg/mL in H,O (75 mM and 150 mM NaCl) using prolate
ellipsoid form factor and gave a volume of free Cyt. ¢ of
1.2 x 1.2 x 1.0 nm? (Figure S11). Interestingly, the correlation
length of this feature in Cyt. c@Tb-mesoMOF-50 was fitted
to ~59.4 nm, derived from the calculated Rg of 23.0 nm
(Figure S3), an averaged size distribution of enzyme cluster
within the MOF framework, which is much larger than the Rg
(1.2 nm) of a single Cyt. ¢ molecule.[*?] Additional intensity
observed for 50 mM Cyt. c@Tb-mesoMOF over 10- and 20-
mM samples can be explained by the higher loading amount
of Cyt. c in more cavities (Figure S12).

We subsequently discovered that Tb-mesoMOF treated
with different concentrations of Tris buffer (10-50 mM),
affects the loading performance of Cyt. ¢ and structural
changes of Tb-mesoMOF. The Cyt. c¢ loading rates in
Tb-mesoMOF were systematically monitored by UV-vis
spectroscopy, with samples prepared in a series of Tris buffer
concentrations—0 mM (where 25 mM NaCl was added for
protein stability), 10 mM, 20 mM, and 50 mM (Figure 4a). The
uptakes of Cyt. ¢ was determined, giving values of 1.8 (£6.3),
11.2 (£1.0), 57.2 (£8.2), and 138.9 (£29.1) mg/g, respectively,
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calculated from the concentration changes before and after
90-hour loading period (Figure 4b and Figures S13 and 14). It
is important to note that no significant concentration change
was observed when Tb-mesoMOF was saturated in 25 mM
NaCl with 5 mg/mL Cyt. c. However, the sample treated with
50 mM Tris buffer showed the fastest and highest loading
profile, approximately twice as fast as the 20 mM group and
about ten times faster than the 10 mM group over the same
period. This is consistent with the colour of crystalline Tb-
mesoMOF from microscope images (the insets in Figure 4b
and Figure S15). The crystal colour changed to red and dark
red for loading Cyt. ¢ in 10 mM, 20 mM, and 50 mM Tris but
exhibited very light-brown crystals for Tb-mesoMOF treated
with Cyt. ¢ in 25 mM NaCl. Fourier Transform Infrared
Spectroscopy (FTIR) analysis of all enzyme-loaded samples
reveals the appearance of characteristic amide I peaks of Cyt.
c at 1645 cm™!, with intensified peaks observed when treated
at the higher concentration of Tris buffer, corresponding
to increased enzyme loading (Figure S16). Additionally, the
redshift of the carboxylate (—COO™) stretching vibrations
from 1599 cm™! to 1595 cm™! indicates subtle changes in
the local metal centre environment of MOF framework,
likely arising from weak enzyme—framework interactions.
The thermogravimetric analysis (TGA) of Cyt. c-loaded Tb-
mesoMOF shows weight loss at 300 °C, corresponding to
the degradation of the immobilized enzyme (Figure S17).
The largest mass loss, approximately 11.3 wt%, is observed
for the Cyt. c-loaded Tb-mesoMOF prepared in 50 mM
Tris buffer, which aligns closely with the loading amount of
12.2 wt%.

In Tb-mesoMOF, the Tb4 cluster was connected to a
trigonal-planar geometry, serving as the metal nodes in
Tb-mesoMOF. The coordination pattern of each pair of
TATB ligands on each face of the super-tetrahedron with
nine Tb3* ions is very delicate; thus, it possibly causes easy
defection under alkaline buffer conditions. To investigate
the generality of buffer effects on the structural integrity
of Tb-mesoMOEF, we treated Tb-mesoMOF with various
buffers (MOPS, HEPES, PIPES, and Bis-Tris) at different
pH levels (6.5 and 7.5) within their effective pH ranges.
Bis-Tris was selected due to its effective function within a pH
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Figure 4. Enzyme loading profiles of Tb-mesoMOF in the presence of 20 mM NacCl and varying concentrations of Tris buffer (10, 20, and 50 mM),
illustrating a) the loading rate of Cyt. c over time, and b) the total loading amount achieved after 90 h. c¢) Enzyme loading profiles of Tb-mesoMOF in
the presence of 50 mM MOPS at pH 6.5 and 7.5; and d) the corresponding UV-vis spectra at 0 and 92 h. The orange arrow indicates partial structural
degradation. Error bars represent the standard deviations in triplicate of Cyt. ¢ loading measurements. The data highlight the influence of buffer
concentration and pH on both the kinetics and overall capacity of enzyme loading.

range of 5.8-7.2 (Tris: 7-10), and structural similarity. Bis-Tris
has two additional hydroxyethyl (—CH,CH,OH) groups
alongside three hydroxymethyl (—CH,OH) groups, whereas
Tris contains only an amine group and three hydroxymethyl
groups. The combined results of PXRD and gas adsorption
indicate that pH plays a crucial role in their structural stability,
with alkaline conditions having a more detrimental impact
on the integrity of Tb-mesoMOEF. Specifically, all samples
exhibit a broad hump peak at a lower 20 in their PXRD
patterns, suggesting structural modifications (Figure S18).
Among them, MOPS (pH 6.5) induces the least structural
change, whereas Bis-Tris treatment results in a complete loss
of crystallinity, which aligns with its negligible N, adsorption
(Figure S19). A decrease in N, uptake is observed across all
buffer-treated samples (Figures S20-S23), though the effects
are less pronounced at pH 6.5, except in the case of Bis-Tris.
Additionally, a notable increase in total mass (Figure S24)
suggests that buffer molecules were adsorbed into
MOFs.

Since PXRD analysis revealed that MOPS buffer at pH 6.5
exerted the least influence on the structural integrity of Tb-
mesoMOF, enzyme loading experiments were subsequently
carried out using 50 mM MOPS at pH 6.5 and 7.5 to
evaluate loading performance. In both cases, Cyt. ¢ uptake
was very low (Figure 4c). Crystals obtained at pH 6.5
remained colourless, whereas those at pH 7.5 developed a
faint red coloration (inset in Figure 4c), aligned well with
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the larger PSD at pH 7.5 (Figure S22). After 92 h, the UV-
vis spectrum of the pH 7.5 sample displayed two additional
peaks at ~550 nm and ~350 nm (Figure 4d), which may
be attributed to the release of MOF fragment, and could
lead to an underestimation of the loading amount of Cyt.
c. These results indicate that buffer species and pH play
very critical roles in Cyt. ¢ loading into Tb-mesoMOF, with
alkaline conditions more likely to compromise structural
integrity.

To investigate the changes of pore size and volume, the
N, isotherms at 77 K and pore size distributions (PSD)
based on their N, isotherms were systematically investigated,
regarding the unloaded Tb-mesoMOF and Cyt. ¢ @Tb-
mesoMOF after treatment with varying concentrations of
Tris buffer, as shown in Figure 5. The N, isotherms at 77 K
revealed that the Brunauer — Emmett — Teller (BET) area
of Cyt. ¢ loaded Tb-mesoMOF prepared in 10 mM, 20 mM,
and 50 mM Tris dramatically decreased, were measured as
1100, 480, and 275 m?/g, respectively (Figure 5a). Mean-
while, the surface areas of Tb-mesoMOF after treatment
with Tris buffer at concentrations of 10 mM, 20 mM, and
50 mM, also dropped significantly from 1550 to 870, 620, and
270 m?/g, respectively (Figure 5d). Notably, Tb-mesoMOF
exhibits a slightly lower surface area after being treated with
25 mM NaCl, demonstrating its moderate aqueous stability.
Compared to pristine Tb-mesoMOF, the DFT-based PSD
analysis of Tris buffer—treated samples reveals a significant
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Figure 5. Profiles of Cyt. C loaded Tb-mesoMOF and unloaded Tb-mesoMOF treated with 20 mM NaCl and varying concentrations of Tris buffer (10,
20, and 50 mM) at pH 7.6, including (a, d) N3 isotherms at 77 K, (b, ) DFT-calculated pore size distribution based on their N; isotherms, and (c, f)

PXRD.

reduction in the pore volumes of two mesopores (Figure 5b,e),
accompanied by an increase in pore volume at larger cavities
(Figures S25-S27) in a concentration-dependent manner. To
illustrate, the Barrett-Joyner-Halenda (BJH) PSD method
was employed, as it is most reliable for analyzing mesopores
in the 2-50 nm range. While pristine Tb-mesoMOF, Tb-
mesoMOF-0, and Cyt c@Tb-mesoMOF-0 show negligible
pore-volume contributions between 5 and 50 nm, both Tb-
mesoMOF and Cyt c@Tb-mesoMOF treated with 50 mM Tris
buffer exhibit a pronounced increase in pore volume within
this range. This observation is fully consistent with the SANS
results, which indicate the formation of newly generated large
cavities within the framework under higher Tris concentra-
tions. Meanwhile, the PXRD patterns of all buffer-treated
Tb-mesoMOF show the emergence of a new peak at a lower
26 value of 1.48°, positioned to the left of the first peak in
pristine Tb-mesoMOF. This shift also suggests an expansion
of the unit cell, likely due to framework modifications such as
the formation of larger cavities (Figure 5f).

However, this effect is less pronounced in the presence
of the enzyme under the same buffer conditions, suggesting
that the MOF structure likely remains more intact due to
the stabilizing influence of the hosted enzyme within the
cavities (Figure 5c). This also contributes to the observed
pore volume loss in Cyt. c-loaded Tb-mesoMOF besides
decomposition (Figure S27). These findings highlight that the
acidic or alkaline nature of the buffer and its functional groups
can significantly influence the structural integrity of MOF
matrix, potentially providing excessive pathways and space
for enzyme migration and clustering.

Angew. Chem. Int. Ed. 2025, €22967 (6 of 8)

Conclusions

In summary, this work used SANS combined with comple-
mentary techniques to investigate the spatial arrangement
of immobilized enzyme within a highly crystalline MOF. It
emphasizes that the immobilization efficiency of Cyt. ¢ in
Tb-mesoMOF was significantly enhanced by buffer solutions,
enabling the multiple Cyt. ¢ molecules to be encapsulated
within a single cavity and eventually form enzyme “clusters”
with high packing density and close contact. The unique
feature of contrast matching SANS allows effective extraction
of structure information from the confined enzymes, while
minimizing the interference from scattering by the host
MOF. This work exploits a novel pathway to investigate the
spatial arrangement of immobilized enzymes and establishes
a methodology in combination of the advanced technique
of SANS and complementary characterizations. Clarifying
enzyme behavior and arrangement in confined environments
will assist our understanding of enzymatic performance under
various conditions. More importantly, it provides a new
perspective and a vital attempt to study the enzyme behavior
in bulky crystal MOFs in a more straightforward way.
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