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In this work, we studied the encapsulation of a range of proteins in a hydrogen-bonded organic framework
(HOF) comprised of a tetraamidinium cation and diazobenzene-based dicarboxylate anion. We explore the
use of external stimuli: light and temperature to modulate HOF crystal growth and size. In particular, we
found photo-isomerisation can be used to control the concentration of the trans-azobenzene building
block that contributes to HOF formation. When HOF growth was slowed sufficiently, deformation of the
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propose that the extent of crystal deformation, consistent with better protein association, may be
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Introduction

Enzymes have been widely explored as catalysts for chemical
synthesis, particularly due to their excellent chemo-, regio-, and
enantioselectivity." However, a number of challenges need to be
overcome to broaden their commercial application including
their lack of stability in non-native environments.>* A common
approach to overcome this limitation involves immobilisation
of enzymes within porous supports. This has been shown to
extend their use in conditions that would otherwise cause
denaturation, such as exposure to organic solvents, elevated
temperatures and pH extremes.*®

Metal-organic frameworks (MOFs) are considered promising
solid supports for enzymes due to their high accessible porosity
and molecular-level control of functionality.”" Indeed an
emerging body of research has shown that enzymes, and other
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biomacromolecules, can be encapsulated within MOF particles via
a one-pot synthetic approach. In such cases, the MOF forms
a protective shell around the enzyme that imparts enhanced
durability,"™** presumably by confining the enzyme within a rigid
cavity that prevents denaturation.' The majority of enzyme@MOF
studies have focused on zeolitic imidazolate framework-8 (ZIF-8),
and its structural polymorphs, due to its facile synthesis under
biologically compatible conditions.'>*® However, ZIF-8 has limi-
tations as a platform material for biocomposites; it is unstable to
PH < 6, certain buffers,"* and metal-chelating agents,* and has
relatively narrow pore apertures which can restrict substrate
diffusion and lead to reduced catalytic activity.***

To overcome some of these challenges there is increasing
interest in employing hydrogen-bonded organic frameworks
(HOFs) as alternative enzyme support materials for one-pot
encapsulation.>*?* HOFs are porous solids formed via inter-
molecular hydrogen bonding of discrete organic
components®**” and analogous to MOFs, are assembled via
a modular building block approach.®® Furthermore, some HOFs
can be readily synthesized in biocompatible conditions, avoid-
ing the use of organic solvents, and elevated temperature or pH
extremes which typically lead to enzyme denaturation.*®?** In
contrast to ZIF-8, HOFs are metal free systems, and many have
shown good stability to buffers and chelating agents over
a biologically relevant pH range.*

While the aforementioned properties have been capitalised on
to synthesize HOF-based biocomposites that afford protection to
a range of encapsulated enzymes, the mechanism of encapsula-
tion is not understood as well as their ZIF counterparts, which

This journal is © The Royal Society of Chemistry 2023
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limits the potential to design systems with tailored properties.
Previously we assessed the kinetics of formation of a HOF (Bio-
HOF 1) composed of water soluble tetraamidinium and tetra-
carboxylate building blocks in both the presence and absence of
protein using time-resolved small-angle scattering experiments.*
These data revealed that nuclei formed within 100 ms in both
instances suggesting that, unlike ZIF-8 biomimetic mineraliza-
tion, the protein does not seed HOF crystallisation but rather the
enzyme is incorporated into the crystal during the growth stage. If
enzyme@HOF biocomposites are formed via this mechanism
then the rate of HOF crystal growth and the affinity of the protein
to the crystal surface are two parameters that could influence
properties such as the morphology of the biocomposite and
enzyme occlusion within the lattice.***

Herein we report the synthesis and characterisation of HOF-
based biocomposites synthesised from tetraamidinium (1-Cl,)
and diazobenzene dicarboxylate (K,-2) building blocks, that
have previously been studied for intracellular biocatalysis,** and
explore how proteins can influence HOF crystal morphology
under controlled crystal growth kinetics achieved by exploiting
the photoswitching ability of 2, temperature, or through simple
building block dilution (Fig. 1). In addition, we examine the
protein-HOF interactions by modifying the surface chemistry of
the protein via amination or acetylation. These data provide
a better understanding of the primary interactions that influ-
ence the formation of enzyme@HOF biocomposites and thus,
will inform the design of new materials with tailored properties.

trans-2*
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Results and discussion
HOF and HOF-biocomposite synthesis

The assembly and encapsulation of proteins in this 1-2 HOF
system has been previously described by Tang et al.; however,
the photoswitching properties of the anionic building block
were not explored. Indeed, the authors noted that the self-
assembly process was not affected in the presence of protein
under their synthesis conditions.*® Here, we prepared HOF
samples by mixing aqueous solutions of 1-Cl, (5 mL, 1 mM) and
K,-2 (5 mL, 2 mM). The mixture was left undisturbed for 24
hours, and the resulting precipitate recovered by centrifugation
(2000 g, 10 minutes), and washed twice with water. For samples
containing protein the appropriate molar equivalents were pre-
mixed with a solution of 1-Cl, before addition of K,-2.
Furthermore, the rate of crystal growth was controlled by
addition of K,-2 as the cis isomer (after irradiation with UV
light), by decreasing the overall concentrations of precursors
(50%, 15%), and by reducing the reaction temperature with
protein concentration and volume remaining constant (see ESIT
for details).

Effect of protein addition on HOF morphology

Initial screening of HOF crystal growth was undertaken by
employing the same precursor concentrations as reported by
White and coworkers,* utilising both the photo- and non-
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Fig. 1 The chemical structures of HOF components: tetraamidinium (1-Cly) and dicarboxylate (K,-2), and a schematic representation of the
synthesis HOF crystals, where the rate of crystallisation can be controlled by (a) use of the inbuilt photoswitch, (b) total precursor concentration,
or (c) lowering the reaction temperature. Furthermore, the HOF crystal morphology can be perturbed by addition of a protein to form pro-

tein@HOF biocomposites.
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photoswitched forms of 2. The growth rate was qualitatively
assessed in the absence and presence of a model protein,
namely Bovine Serum Albumin (BSA). The crystal size and
morphology of the final products were analysed by scanning
electron microscopy (SEM). During the screening process it was
observed that the rate of crystal formation was largely depen-
dent on the isomer used. For example, where K, -2 was added in
the trans form precipitation of particles was immediate, while
addition of the cis form resulted in slower crystal growth (i.e.
a noticeable precipitate formed only after several hours) and
significantly larger crystals (Fig. S31). The crystallinity of both
samples was analysed by performing powder X-ray diffraction
(PXRD) experiments (Fig. S4t). Upon drying the materials
became amorphous but, upon careful addition of water, crys-
tallinity could be restored, giving PXRD patterns consistent with
those calculated from the single crystal X-ray diffraction
(SCXRD) structure reported previously.*” In the presence of BSA,
crystals of the HOF formed using trans-K,-2 closely resembled
those obtained in the absence of protein, with needle-like
morphology (Fig. 2a). In contrast, crystals formed using cis-
K,-2 in the presence of BSA were comprised of small intergrown
aggregates, forming larger feather-like structures (Fig. 2b). The
observed modification to crystal morphology suggests that
slowing crystal growth facilitates greater surface coverage of the
protein at step edges.*® Indeed, the ability of macromolecular
additives to impact crystallisation processes is well known,** of
particular note being the variety of protein-specific and
concentration-dependent morphologies able to be obtained in
the crystallisation of salts.***¢® Furthermore, amino acids and
proteins have been shown to direct the crystal morphology of
ZIF-8 materials.">*

Given the observed effect of trans-K,-2 and cis-K,-2 on the
morphology of the HOF crystals we further investigated their
role in the nucleation and growth of HOF particles via time-
resolved Small Angle X-ray Scattering (SAXS) at a synchrotron
facility. Using a stopped-flow setup, we rapidly mixed the K, -2
and the 1-Cl,/BSA solutions and collected SAXS patterns of the
growing HOF particles in solution with a time resolution of 100
ms (see ESIT). While the use of the photoswitch to slow crystal
growth had been effective in the experiments described above,
we additionally sought to ascertain whether lowering the overall
building block concentration (component) could achieve
similar outcomes. To that end two ratios of HOF component :
protein were selected for SAXS measurements; 500:1 and 75:1

Fig. 2 SEM images of BSA@QHOF composites showing crystals grown
upon addition of the (a) trans- and (b) cis-K5-2.
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(mol mol %), annotated as high and low, respectively. We note
that the high ratio (500:1) was used in the initial screening
using photoswitched cis-K,-2 as described above. Fig. 3 reports
representative SAXS patterns of the HOF (110) reflection
collected at different reaction times (0.1-180 s range). Fig. S31a-
dt show the time evolution of the SAXS pattern in the g range
from 0.16 nm ™" to 3 nm ™. In this g range, we did not detect any
significant difference in the SAXS patterns over time. The Porod
Invariant calculated from these patterns does not change over
time (Fig. S301). We ascribed this to rapid particle growth (>100
ms) that engenders crystallite dimensions larger than the
resolution limit of the used set-up (>40 nm, g, = 0.16 nm™ "
thus no Guinier regime were detected).”® We analysed the
diffraction patterns in the same time range (Fig. 3a-d) and
detected the appearance of the most intense HOF diffraction
peak ((110) at 3.4 nm ™ ")** for the samples prepared at highest
total ligand concentration (500:1, protein/ligand) after ca.
120 s. Notably, at 180 s for the sample prepared using ¢trans-K, -2
the (110) is more intense than the peak detected for the sample
prepared using cis-K,-2. For the samples prepared at the lowest
total ligand concentration (75 : 1, protein : ligand), we hypoth-
esize that the concentration of crystalline particles in the
investigated volume was not high enough to detect the HOF
diffraction peaks with the collection time used for these in situ
experiments. Overall, these data demonstrate that the trans
form of K,-2 determines the kinetics of nucleation of the HOF,
independently of the presence of a fraction of cis-K,-2 in the
solution and its concentration (within the investigated
concentration range, Table S1t). Furthermore, the presence of
cis-K,-2 slows the crystal growth process, leading to a lower
yield of crystalline material within 180 s of reaction compared to
trans-K,- 2.

From the SAXS measurements it was clear that utilisation of
the azobenzene photoswitch and reduction of overall building
block concentration significantly impacted crystallisation of the
HOF, and we were interested to see whether this led to changes
in crystal morphology. For these syntheses an intermediate
ratio of HOF component : protein was added; and 500:1, 250:
1,and 75: 1 (mol mol ') used, annotated as high, medium, and
low, respectively. The samples were again amorphous upon
drying (Fig. S51), but PXRD data obtained for solvated samples
indicated HOF formation (Fig. S61). Unfortunately, PXRD
characterisation was not possible for all samples, due to low
yields and difficulties in achieving optimal solvation to restore
crystallinity of the material.

In the absence of protein, the SEM micrographs showed
pristine, needle-like HOF crystals for all concentrations
(Fig. S12%), with the lower dilutions resulting in the formation
of larger crystals. In the presence of BSA the high ratio of trans-
K,-2 yielded crystals with a needle-like morphology analogous
to those formed in the absence of protein. However, when the
building block concentration was decreased, intergrown clus-
ters like those produced using cis-K, -2 were observed (Fig. 4b).
Lowering the ligand concentration further resulted in spherical
bud-like clusters of directionally intergrown crystals (Fig. 4c).
We then examined the spatial distribution of the fluorescently
tagged protein, FITC-BSA, in the HOF-based biocomposites via

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Time evolution of the (110) HOF diffraction peak (3.4 nm™?) from time-resolved SAXS measurements during the synthesis of the HOF
crystals using trans-K,-2 with (a) 500:1 (HIGH) and (c) 75:1 (LOW); and cis-K,-2 at (b) 500:1 (HIGH) and (d) 75:1 (LOW) total ligand
concentration. The broad peak centred at 3.7 nm™! is associated to the Kapton windows of the experimental setup. The SAXS patterns were
shifted along the Y-axis for the sake of clarity.

confocal laser scanning microscopy (CLSM). For high ratio exterior of the crystals (Fig. S22 and S237). In contrast at the
samples CLSM imaging indicated that the protein was likely medium and low concentrations the protein appeared to be
surface bound, where protein can be seen in a ring coating the internalised, with fluorescently-tagged protein evident

Fig. 4 SEM images of BSA@HOF composites showing crystals grown upon addition of K,-2 at three different protein/total ligand ratios. Upon
addition of trans-K,-2 at (a) 500:1; (b) 250:1; (c) 75:1; and cis-K>-2 at (d) 500:1; (e) 250:1; (f) 75: 1.
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throughout the microcrystalline composite (Fig. S25-5287).
However, we note that the resolution of CLSM does not allow us
to determine if the protein is completely encapsulated within
the framework, or if it is partially or completely coating the
surface of many intergrown crystals within the crystalline
aggregate.

For samples synthesised using cis-K,-2, SEM micrographs
show that similar crystal morphologies were observed for both
the high and medium ligand concentrations (Fig. 4d and e). In
these cases, clusters of small crystals were seen to grow direc-
tionally to form long seaweed-like structures. When the ligand
concentration was lowered further intergrown structures
comprised of many bud-like spheroids clumped together were
observed (Fig. 4f). Analysis of these samples using CLSM (and
FITC-BSA) showed similar localisation of the protein to that in
the trans samples of similar morphology (Fig. S25-5287).

The same syntheses were repeated at reduced temperature (4
°C) to investigate if it was possible to further slow the crystal
growth and study the effect on HOF morphology across the
range of ligand concentrations. In the presence of BSA crystal
deformation was observed by SEM at all three ligand concen-
trations, upon addition of either trans- or cis-K,-2 (Fig. S147).
Most interestingly, a change in crystal morphology could be
seen for samples synthesised at the highest total ligand
concentration utilising the ¢rans form of K,-2. This combina-
tion had produced HOF crystals with a pristine needle form
when grown at room temperature; however, at reduced
temperature a combination of isolated and intergrown strands
of needle-like crystals could be seen by SEM imaging
(Fig. S14at). These small crystals became more intergrown for
samples utilising the photoswitch or having greater ligand
dilution, with the slowest growing crystals forming bud-like
chains and clusters.

Given that pristine HOF crystals were observed in the
absence of BSA, it is apparent that BSA has a significant impact
on crystal growth, resulting in a change in HOF crystal
morphology. This influence becomes more pronounced in
samples where growth is intentionally slowed down through
methods such as utilising the photoswitch of 2>7, diluting the
total ligand concentration, reducing the reaction temperature,
or a combination of these factors. An increase in crystal defor-
mation with decreasing crystallisation rate, resulting in clusters
of intergrown crystals for the slowest growing samples, suggests
that this phenomenon may arise from the binding of proteins at
advancing step edges on the HOF crystal surface.

Effect of protein surface charge and chemistry

Previous studies have shown that protein surface chemistry plays
a key role in the formation of ZIF-8-based biocomposites,* and
surface residue modification can be a useful tool to improve
protein incorporation in other HOF materials.”**” Thus, we were
motivated to understand if modifying protein functionality had
a similar effect in the 1-2 HOF system. We prepared two samples
of BSA where the acidic and basic surface residues were chemi-
cally modified by amination or acetylation to decrease or increase
the negative surface charge, respectively (see ESIT for details).

23030 | J Mater. Chem. A, 2023, 11, 23026-23033
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Following modification, the proteins were reacted with the HOF
precursors under identical conditions to those employed for
screening the native protein, including varying ligand form (cis/
trans), and ligand concentration. To limit the number of repeats,
the effect of reduced temperature was not further investigated,
and all samples were crystallised at room temperature.

Despite significant differences in surface charge and zeta
potential of the functionalised BSA, SEM analysis indicated that
all samples followed similar trends in terms of crystal
morphology (Fig. S15 and S167). At the highest ratio (500 : 1 mol
mol ! protein : ligand) using trans-K,-2 all samples gave crys-
tals with a needle-like morphology, and as ligand concentration
decreased (250:1, 75:1) intergrown clusters and bud-like
structures were observed. For cis K,-2 (where growth was
further slowed) the crystal morphology was essentially identical
to samples containing the unmodified protein.

Simulations were undertaken to better understand the
surface electronic structure of the 1-2 HOF and the limited
effect of surface charge on protein-HOF interaction. Surface
models of 1-2 and, for comparison ZIF-8, were generated. To
examine the electrostatic forces experienced by a protein on
these surfaces the average electrostatic potential was computed
normal to surface (Fig. 5). ZIF-8 has greater overall electrostatic
potential near the surface owing to a high density of Zn sites
compared to the surface of the 1-2 HOF which only has local-
ised areas of large electrostatic potential at greater distances
(i.e. lower density) originating from the carboxylate and ami-
dinium groups. These simulations demonstrate that, as
opposed to ZIF-8, electrostatics are not expected to play an
important role in surface-protein interactions. This finding is
in agreement with those of Tang et al., who showed that protein
encapsulation in the same HOF was not meaningfully affected
by protein surface chemistry, using green fluorescent protein
variants bearing a range of surface charges.”

To better understand how proteins influence HOF crystal
morphology, a selection of proteins and enzymes with different
native surface chemistry were encapsulated to assess the impact
on crystal growth. The size and zeta potentials of the various
proteins are recorded in Table S2.} Analysis of the SEM micro-
graphs show that Horseradish Peroxidase (HRP) and urease
afford intergrown crystals assembled in chains or clumps,
similar to BSA, when HOF growth was slowed, either by utilising
the photoswitch of 2%~ or lowering the total ligand concentra-
tion. In contrast, for Lysozyme, Lipase B from Candida Antarc-
tica (CALB), and myoglobin the SEM shows only slight changes
in crystal morphology, even at the lowest concentrations of
ligand. PXRD patterns of the solvated samples were consistent
with that calculated from the SCXRD structure, although we
note significant differences in crystallinity depending on the
protein present. Samples containing HRP, urease, and lysozyme
showed only broad peaks, and achieving optimal resolvation to
recover crystallinity was not possible for all samples, particu-
larly due to low yields at the lowest ligand concentrations
(Fig. S7-S97). By contrast, CALB and myoglobin, which showed
the least crystal deformation, generally exhibited higher crys-
tallinity after rehydration, with CALB in particular giving well
resolved diffraction peaks (Fig. S10 and S11+).

This journal is © The Royal Society of Chemistry 2023
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Studying protein-HOF interactions

Given that modification of the protein surface had not greatly
impacted crystal morphology and computational studies had
suggested electrostatics did not play a key role in surface-
protein interactions we sought to understand what type of
interactions were present in this system.

To examine the type and strength of interactions between the
surface of the HOF crystals and proteins we carried out
isothermal titration calorimetry (ITC) studies. ITC is a powerful
technique to measure the thermodynamics of molecular inter-
actions, allowing characterisation of protein-protein, and
protein-small molecule binding events in solution.”™* Increas-
ingly, ITC has been applied in the fields of polymer and
supramolecular chemistry,*>** including MOFs,>* to study small
molecule adsorption®*” and gain mechanistic insight into the
formation of materials.**** ITC has also been used to investigate
the binding of various proteins with ZIF-8, with electrostatic

This journal is © The Royal Society of Chemistry 2023
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interactions being dominant.®® Crucially, the authors found
that smaller anionic proteins exhibited the strongest adsorption
onto the cationic ZIF nanoparticles.

To gain insight into the protein-HOF interactions present we
selected two proteins for ITC studies that had shown opposing
effects on crystal growth; BSA and lysozyme. Each protein was
titrated into a solution of HOF particles and the heat of
adsorption recorded. Control titrations of protein into buffer
(without the HOF particles present) to assess the heat of dilu-
tion were also carried out (see ESIT).

Initial experiments with BSA at 25 °C showed a poorly
defined isotherm where the heat of dilution was comparable to
the reaction heat. However, when the temperature was
increased to 35 °C exothermic binding was observed which is
indicative of the formation of non-covalent bonds, such as van
der Waals forces, coulombic interactions or hydrogen-bonding
(Fig. S327).** Further experiments at increased temperature
(40 °C, and 45 °C) confirmed the presence of exothermic
binding, ruling out the possibility of hydrophobic interactions
between BSA and the HOF crystal surface (Fig. S33 and S347).

Given that BSA showed only modest interactions with the
HOF crystals by ITC, it was anticipated that very weak inter-
actions would be detected in the case of lysozyme, which had
showed limited crystal deformation during protein@HOF
synthesis. This proved to be the case, with minimal reaction
heat change beyond the heat of dilution recorded for lyso-
zyme titrated into a suspension of HOF crystals at 35 °C
(Fig. S35%).

When taken in conjunction with the protein modification
and computational experiments described above, the binding
detected by ITC is due to hydrogen-bonding rather than elec-
trostatic interactions. Given that the HOF itself is assembled
through hydrogen-bonding interactions, it is likely that resi-
dues on the protein surface could interact with available ami-
dinium or carboxylate groups on the crystal surfaces and at
crystal steps through similar non-covalent interactions. The
same phenomenon could also occur during the HOF crystal-
lisation process, terminating crystal growth and leading to the
deformation observed. The importance of surface functionality
has previously been demonstrated for the related
tetraamidinium/tetracarboxylate-based BioHOF-1, where it was
found that enzyme loading and activity could be boosted by
incorporation of an arginine-rich moiety to enhance surface-
binding interactions; however the underlying mechanism for
enhanced loading was not studied.””

Overall, the ITC data for BSA titration into HOF showed higher
signal-to-noise ratio compared to the Tris-HCI buffer control due
to the presence of HOF particles in the sample cell. The binding
isotherm did not fit a single site binding model which is consis-
tent with non-specific binding across multiple sites. In other
studies, proteins have been shown to adsorb to neutral hydro-
philic surfaces in random orientations, allowing the tertiary and
quaternary protein structure to remain intact.** Furthermore, our
findings are broadly in agreement with those seen in studies with
ZIF-8, where large, electrostatically-favourable proteins (such as
BSA) bind with no preferred orientation.*

J. Mater. Chem. A, 2023, 11, 23026-23033 | 23031
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Overall, the ITC results revealed exothermic binding for BSA
to the HOF particle surface, which, taken in conjunction with
protein modification and computational studies, are likely
hydrogen-bonding interactions. These findings illustrate the
complexity of protein-HOF interactions and emphasise the
need for careful consideration of the strength and types of
interactions present to improve the immobilisation capacity of
these materials.

Conclusions

Herein, we have thoroughly investigated the immobilisation of
proteins in an amidinium/carboxylate-based HOF that has
previously been investigated for biomacromolecule encapsula-
tion.> We identified that crystal size and morphology could be
modulated by controlling ligand concentration via an intrinsic
photoswitching component, and/or reducing reaction temper-
ature. A range of proteins that possess distinct surface charge
and chemistry were immobilised and these data showed that
protein charge did not have a significant influence on the level
of HOF crystal deformation. This observation was consistent
with ITC studies and computational analysis that revealed weak
exothermic binding, with hydrogen-bonding interactions rather
than electrostatics likely driving non-specific binding of the
protein to the HOF surface. Furthermore, our results provide an
explanation as to why increasing the number of surface arginine
residues on a protein led to an increased loading of immobi-
lised protein for an analogous amidinium-carboxylate system.>”
In summary, our results indicate that studies focused on opti-
mising the secondary interactions between proteins and
amidinium-carboxylate HOF materials, rather than surface
charge, will aid the synthesis of HOF-based biocomposites with
tailored properties and functionality.
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