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A polymer deposition-mediated surface-charge
reformation strategy: reversing the MOF
biomineralization behaviorf

Yanbin Xu,® Huangsheng Yang, ©° Anlian Huang,® Linjing Tong,® Wei Huang,*
Guosheng Chen, & *® wei Yi, ©* Siming Huang & *@ and Gangfeng Ouyang & ¢

Biomineralization of a porous metal—organic framework (MOF) shell onto biomacromolecule templates is
a burgeoning strategy to construct robust biocatalysts. However, it strongly relies on the interfacial
interaction between MOF precursors and enzyme surface, significantly limiting the generalization of this
nanotechnology. Herein, we identify polymers that are well-suited for deposition onto target
biomacromolecules via supramolecular interactions and introduce a polymer deposition-mediated
surface-charge reformation strategy to facilitate the biomineralization of porous MOFs, including ZIF-8,
ZIF-90, and ZIF-zni onto enzymes. We investigate nine commercially available polymers to find that
those with dense —SOzH and —COOH groups effectively regulate the surface-charge properties of the
enzymes that are unfavorable for biomineralization. The polymer—enzyme complex thus formed retains
its original bioactivity and offers significantly elevated sites to accumulate metal precursors, triggering
the in-place MOF biomineralization. We demonstrate that this approach allows access to diverse MOF
biocatalysts independent of the enzyme surface chemistry, which are difficult to be synthesized by
previous biomineralization methods. Given the highly specific bioactivity and structural stability of the
MOF biocatalysts, a chemiluminiscence sensor platform is developed for the sensitive detection of
hydrogen sulfide (H,S) biomarkers, with a low limit of detection of 0.09 nM that is superior to most of
the reported methods. This study provides an effective and universal strategy for MOF biomineralization
using fragile enzymes as biotemplates and offers new insights into accessing multifunctional MOF hybrid
biocatalysts.

bioprocess, several efforts have been devoted to synthesizing
functional materials using biomacromolecules as templates,

Biomineralization is a mineral deposition process mediated by
organisms and represents one of the most important bio-
manufacturing technologies that have been extensively discov-
ered in intracellular and extracellular events."” It is highly
associated with interplays between mineral precursors and
biointerfaces, facilitating the in-place growth of inorganic
minerals onto varying organism templates from large-sized
mussels to small-sized cells and proteins.>® Inspired by this
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termed biomimetic mineralization.”*° This biomimetic strategy
offers new insights into accessing new hybrid nanoarchitecture
that integrates material attributes and biomacromolecular
functions, thus holding numerous potentials in biocatalysis,
biosensing, environmental remediation, and nanomedicine,
among others."* ™

From a structural perspective, a biomimetic mineral with
high porosity is essential for leveraging the functions of interior
biomacromolecules because it can ensure mass transfer and
render the biomacromolecules highly accessible. In this
context, porous reticular frameworks, such as metal-organic
frameworks (MOFs), are ideal materials to target this goal."” In
fact, in the past decade, increasing MOF approaches have been
developed for biomimetic mineralization.*™* In this regard,
zeolite imidazole frameworks (ZIFs), such as ZIF-8, are priori-
tized due to their structural advantages of high porosity and
water-stability, as well as their mild crystallization friendliness
to biomacromolecules (water phase, at room temperature,
etc.).*?*>* The mechanism of this ZIF biomimetic mineraliza-
tion is considered to be strongly associated with the interfacial
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chemistry of a biomacromolecular template.”>**® So far, apart
from some proteins (including enzymes), other biomolecules,
such as hyaluronic acid, heparin, chondroitin sulfate and der-
matan sulfate, have been used as templates to initiate the ZIF
biomimetic mineralization.”® In these examples, the electro-
static interactions between the negatively charged moieties on
these biomolecule surfaces and the metal ion precursors (Zn>*)
mediate the ZIF nucleation and dictate the biomineralization
process. Owing to the interfacial interactions, it has become
feasible to extend the in-place synthesis of porous ZIF minerals
onto bacterium, cell, and tobacco mosaic virus, among
others,****** exhibiting multifunctional properties at the inter-
section of chemistry and biological science.

In principle, the biomacromolecule with a positively charged
surface will fail to induce the biomimetic mineralization of
ZIF** due to unfavorable electrostatic repulsion. To address this
problem, the surface-charge modification of bio-
macromolecules via chemical coupling has been recently
proposed, and the feasibility of facilitating the ZIF biomimetic
mineralization onto positively charged biomacromolecules has
been demonstrated.”**® For instance, the pioneering work re-
ported by Falcaro and Doonan proved that the chemical modi-
fication of the protein surface by succinylation or acetylation led
to the zeta potential decrease of protein without enough nega-
tive charge to below —30 mV, which facilitated the ZIF-8
biomimetic mineralization.> Our group further found that
this biomineralization regulated by chemical modification
could, in turn, affect the catalytic activity of the encapsulated
enzymes.”® As the accessible functional sites on
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a biomacromolecule are limited, these chemical modification
approaches may result in insufficient efficiency in reforming the
surface charges, leading to the failure of biomineralization. In
addition, the chemical coupling method poses a risk of per-
turbing the global conformation of a biomacromolecule,
thereby compromising the biofunctionality of the resulting
biocomposites.

It is plausible that reformatting the surface charge of a bio-
macromolecule through supramolecular assembly is a simple
yet efficient alternative.”>** Herein, we identify polymers suit-
able for deposition onto a target biomacromolecule by supra-
molecular interactions and describe a polymer deposition-
mediated surface-charge reformation strategy to facilitate the
biomineralization of porous ZIFs onto functional bio-
macromolecules, such as enzymes (Scheme 1). Nine commer-
cially available polymers are investigated, among which the
polymers with dense carboxyl (-COOH) and sulfonic acid (-
SO3;H) groups are sufficient enough to reform the surface-
charge properties of a series of positively charged bio-
macromolecules. These polymer-deposited biomacromolecules
offer dynamically elevated sites for accumulating ZIF precur-
sors, contributing to a porous biomineral with high enzyme
loading and well-preserved biofunctionality. Given the highly
specific bioactivity and structural stability of the MOF bio-
catalysts, a chemiluminescence platform is developed for H,S
biomarker detection based on a confined biocatalysis principle,
with a limit of detection (LOD) as low as 0.09 nM. This work
offers a facile yet efficient strategy to address the bio-
mineralization dilemma of MOFs on vulnerable enzymes.
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Scheme1l Schematic representation of the polymer deposition-mediated surface-charge reformation strategy for promoting biomineralization

of MOFs on fragile enzymes with positive surface charges.
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Results and discussion

Polymer screening and polymer deposition-mediated
biomineralization of ZIF

Natural biomineralization mechanisms indicate that mineral
formation is closely associated with the interactions of the acidic
groups of ~-COOH, hydroxyl (-OH), -SO;H, or phosphate (PO,*)
on the biosurface with metal precursors.*** In addition, previous
studies have confirmed the positive role of -COOH and -SO;H
moieties in biomolecules for accelerating the ZIF-8 nucle-
ation.””*® Inspired by this, we chose a series of polymers involving
common pendant groups, including polystyrolsulfon acid (PSSA),
polyacrylic acid (PAA), hyaluronic acid (HA), sodium alginate (SA),
polyphosphoric acid (PPA), polyvinyl alcohol (PVA), a-cyclodex-
trin (o-CD), B-cyclodextrin (B-CD) and y-cyclodextrin (y-CD), to
reform the surface chemistry of an enzyme through electrostatic
interactions. The structures, functional groups, molecular
weights, and zeta potentials of these polymers are summarized in
Fig. 1a and Table S1.T The zeta potentials were all detected to be
negative, suggesting their potential for reversing the surface
charge of an enzyme from positive to negative. As a proof-of-
concept, we first chose horseradish peroxidase (HRP, from
horseradish) possessing a pI value of 9.6 with a positive surface
charge as a model enzyme, which would be unfavorable for
biomimetic mineralization. As shown in Fig. 1b, the native HRP
showed an average zeta potential of 4.07 mV. However, after
interaction with these negative charge-rich polymers (the dosage
of each polymer was kept at 0.5 mg) and removal of the free
polymers in the supernatant (detailed procedures presented in
the Experimental section of ESIf), the zeta potentials of the
polymer-HRP complexes became negative, indicating the
successful surface-charge reformation by a simple polymer
deposition (Fig. 1b and c). Subsequently, the secondary structure
of HRP in the polymer-HRP complexes was determined using
a circular dichroism (CD) method. In the CD spectra, the char-
acteristic bands at 208 nm and 222 nm attributing to the a-helix
structure of HRP* were detected in all the polymer-HRP
complexes, demonstrating the negligible transformation of the
secondary structure of the HRP (Fig. S1}). Furthermore, the
catalytic activities of polymer-HRP complexes were estimated by
tracing the oxidation of chromogenic reagent 3,3',5,5'-tetrame-
thylbenzidine (TMB) at 652 nm with the addition of H,O, using
ultraviolet-visible (UV-Vis) spectroscopy. All the polymer-HRP
complexes showed comparable activity to the free HRP (Fig. S27),
indicating that the polymer deposition did not affect the acces-
sibility of the catalytic center. Overall, these results demonstrated
the biocompatibility of the polymer deposition-mediated surface-
charge reformation protocol without disturbing the structure and
activity of the enzyme template.

After ascertaining the feasibility of reformatting the
enzyme's surface charge, the ZIFs biomineralization behaviors
of the resulting polymer-enzyme complexes were evaluated.
ZIF-8, a kind of ZIF crystal formed by the coordination inter-
action between zinc ions (Zn>*) and 2-methylimidazole (HmIM),
was selected as the model ZIF mineral due to its rapid and
biocompatible crystallization conditions.>**** As displayed in
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Fig. 1 (a) Structures and average zeta potentials of the polymers

selected for the enzyme modification. (b) The zeta potentials of HRP
before and after the modification of negatively charged polymers. (c) A
schematic representation of the polymer deposition-mediated
surface-charge reformation. (d) The photographs recording the
growth phenomenon of ZIF-8 minerals in the presence of raw HRP or
the polymers—HRP complexes.

Fig. 1d, in the raw HRP solution containing HRP (2 mg), Zn>"
(40 mM) and HmIM (160 mM), no precipitate was produced
(Fig. 1d(i)), suggesting that the native HRP could not trigger the
mineralization enhancement of ZIF-8. These observations were
also in line with a previous report.”® In addition, the PVA-HRP,
a-CD-HRP, B-CD-HRP and y-CD-HRP complexes with -OH
modifications (Fig. 1d(ii)~(v)) and PPA-HRP with -PO,*>~ modi-
fication (Fig. 1d(vi)) could not manage the rapid growth of ZIF-8
minerals as well. As a comparison, polymer-HRP complexes
with -SO;H or -COOH modifications (i.e. PSSA, PAA, HA, and
SA) could induce the generation of massive precipitates
immediately (Fig. 1d(vii)-(x)). These results suggest that in
addition to the surface-charge properties, the types of func-
tional groups are decisive for the nucleation of ZIF-8 onto an
enzyme. These findings imply that both the -COOH and -SO;H
groups in the polymer play a positive role in ZIF-8
biomineralization.

To further demonstrate that stimulative biomineralization
is, indeed, dominated by the deposited polymer, we conducted
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the following control experiments. We first validated that the
raw PSSA, PAA, HA, or SA polymer were able to trigger the ZIF-8
biomineralization (Fig. S3 and S4t), highlighting the capability
of these deposited polymers to function as biomimetic miner-
alization agents for directing ZIF-8 growth onto the enzyme.
Amination of a protein can substantially improve its negative
surface-charge, leading to a failure of biomimetic mineraliza-
tion.>* Bovine serum albumin (BSA) has been extensively used as
the protein for ZIF-8 biomineralization.***** Upon aminating
BSA (the aminated BSA was termed as BSA-NH,), its zeta
potential was changed from —18.23 + 0.21 mV to 22.23 =+
0.33 mV, leading to the unsuccessful ZIF-8 biomineralization
(Fig. S51). We found that, when the BSA-NH, undergoes PSSA
deposition (termed as PSSA-BSA-NH,, zeta potential determined
to be —0.79 + 0.04 mV), the biomineralization ability is restored
(Fig. S5-S71), further ascertaining that the deposited polymers
dictate ZIF-8 biomineralization.

Next, we leveraged powder X-ray diffraction (PXRD) to survey
the nucleation kinetics of ZIF-8 under the optimized polymers
of PSSA, PAA, HA, and SA, which could accelerate ZIF-8 bio-
mineralization. The PXRD patterns in Fig. S8t showed that
when using the polymers of PSSA, HA and SA, the characteristic
peaks of ZIF-8 occurred in as short duration as 10 s, whereas
when using the PAA polymer, the characteristic peaks of ZIF-8
occurred after a min. The results suggested that although all
the polymers enabled the formation of ZIF-8 biominerals, the
nucleation speeds of the ZIF biominerals were associated with
the polymer types. The electrostatic potential (ESP) simulation
(vide infra the section titled Mechanism of the polymer
deposition-mediated biomineralization) suggested that all the
PSSA, HA and SA molecules presented higher metal-binding
affinity than PAA. It is plausible that the different nucleation
rate is affected by the metal-binding affinity of the polymers.

Furthermore, the performance of ZIF-8 biomineralization
using our polymer deposition method and the previously re-
ported chemical coupling approach was compared. We exploited
the chemical coupling approach to change the surface charge of
HRP using acetic anhydride as the coupling agent (Fig. S9at).>*
The zeta potential of HRP after acetylation (termed acetylated
HRP) changed to —15.97 £ 0.35 mV, which indicated the
successful reformation of HRP surface charge (Fig. S9bt).
However, under the same dosages of both enzyme and ZIF-8
precursors, the acetylated HRP could hardly trigger the growth
of ZIF-8 biominerals (Fig. S9ct), which might have resulted from
the inadequate functional sites to trigger the MOF nucleation.
These results indicated that the simple surface deposition of -
COOH and -SO;H-rich polymers is favorable for facilitating the
biomimetic mineralization of ZIFs onto the enzymes.

Structural characterization of the as-obtained ZIF-8
biominerals

The accessible ZIF-8 biominerals, termed as PSSA-HRP@ZIF-8,
PAA-HRP@ZIF-8, HA-HRP@ZIF-8, and SA-HRP@ZIF-8, were
evaluated using techniques such as PXRD, scanning electron
microscopy (SEM), Fourier Transform-infrared (FT-IR) spec-
troscopy, and confocal laser scanning microscopy (CLSM). The
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PXRD peaks of these ZIF-8 biominerals matched well with those
of the standard ZIF-8 (Fig. 2a), and the SEM images resembled
the dodecahedron morphology to ZIF-8 crystal, evidencing the
successful biosynthesis of ZIF-8 crystals (Fig. 2b). Subsequently,
to determine whether increasing the polymer dosage further
facilitated the ZIF-8 mineralization process, the dosages of
COOH- and SO;H-rich polymers were increased from 0.5 mg to
1.0 mg and to 4.0 mg, respectively, during the biomineralization
procedure. In all cases with 1.0 and 4.0 mg dosages of each
polymer, the ZIF-8 biominerals could be acquired, as seen in the
PXRD patterns (Fig. S101) and SEM images (Fig. S117). After-
wards, the loadings of HRP in each biomineral were determined
using a standard BCA assay (Table S2 and Fig. S12+). The results
demonstrated that the encapsulation of HRP is polymer dosage-
dependent, of which 0.5 mg of the polymer in each case affords
the best loading efficiency. It is plausible that the increase in
polymer dosage offers competitive nucleation sites for ZIF
crystallization in the solution phase rather than onto polymer-
enzyme complexes, leading to the decreased loading of HRP.
We found that the highest enzyme loading as high as 14.02%
(w/w) occurred in the PSSA-HRP@ZIF-8 biomineral; this was
higher than most of the reported works for HRP immobilization
using MOFs (Table S31). Note that the loading content was very
close to that of previous work (14.4%, w/w) in which the HRP
was modified by polyvinylpyrrolidone/cysteine (PVP/Cys),*
underscoring the impressive efficiency of this polymer deposi-
tion strategy for encapsulating HRP into ZIF-8.

The successful encapsulation of HRP within the ZIF-8 bio-
minerals was further confirmed using FT-IR and CLSM. In the FT-
IR spectra of PSSA-HRP@ZIF-8, PAA-HRP@ZIF-8, HA-HRP@ZIF-8,
and SA-HRP@ZIF-8 samples, the characteristic bands emerged
around 1650 cm " that were ascribed to the amide I band of
proteins, indicating the incorporation of HRP in ZIF-8 bio-
minerals (Fig. 2c). To witness the location of HRP, it was pre-
labeled with red fluorescent dye rhodamine B (RhB) prior to
biomineralization. With CLSM imaging (Fig. S131 and 2d), the red
fluorescent-labelled HRP overlapped well with the ZIF-8 crystals in
all biominerals, manifesting that the encased HRP molecules
were uniformly distributed throughout the ZIF-8 biominerals.

Next, the bioactivities of all polymer-HRP@ZIF-8 bio-
minerals were further estimated under the same HRP amount
(Fig. S14t), and 0.5 mg polymer dosage resulted in the highest
catalytic activity of the PSSA-HRP@ZIF-8 and SA-HRP@ZIF-8
biominerals. Although PAA-HRP@ZIF-8 and HA-HRP@ZIF-8
were synthesized by adding 0.5 mg of polymer, they did not
exhibit the best catalytic activity; the activity variation between
different samples remained limited. Therefore, 0.5 mg was
chosen as the optimal polymer dosage for ZIF-8 bio-
mineralization and employed for the following experiments.

Enzyme catalytic kinetics and stability in different ZIF-8
biominerals

The influence of ZIF-8 biomineralization mediated by different
types of polymers on the catalytic kinetics of encapsulated
enzymes was studied. The H,0,-dependent catalytic kinetics
were monitored (Fig. S157). Subsequently, the plots of the initial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PXRD patterns (a), SEM images (b), FT-IR spectra (c) and the merged CLSM images (d) of the PSSA-HRP@ZIF-8, PAA-HRP@ZIF-8, HA-
HRP@ZIF-8, and SA-HRP@ZIF-8, where the polymer dosage for synthesis was kept at 0.5 mg for all biominerals.

catalytic rate (V) against H,O, concentration were fitted by the
Michaelis—-Menten model to evaluate the kinetic parameters,
which are displayed in Fig. 3a and b. It is observed that the
Michaelis constant of K, reflecting the substrate-binding
capacity of the catalytic center,** was different among four
polymer-HRP@ZIF-8 biominerals. PSSA-HRP@ZIF-8 and PAA-
HRP@ZIF-8 presented lower K, values, indicating the favor-
able binding of H,0, with the catalytic center of HRP inside
these two ZIF-8 biominerals. This behaviour might originate
from the different defect formations (amount, geometric size,
etc.) induced by different kinds of polymers in ZIF-8 that
affected the mass transfer of H,O, across the ZIF-8 shell. As
a result, the catalytic efficiencies (kcat/Km)** of PSSA-HRP@ZIF-8
and PAA-HRP@ZIF-8 were calculated to be 72.85 and 70.58 s *
mM ', respectively, superior to that of HA-HRP@ZIF-8 (56.83
s~ mM ") and SA-HRP@ZIF-8 (50.52 s~" mM ). These results
suggested that the different polymers could affect the catalytic
kinetics of the resulting ZIF biominerals; PSSA and PAA poly-
mers were the priorities for ZIF-8 biomineralization. Notably,
free HRP exhibited a 3.19-4.98 times lower K, value
(0.0581 mM, Fig. S161) than the polymer-HRP@ZIF-8 compos-
ites (from 0.1852 to 0.2894 mM, Fig. 3b), as the microporous
ZIF-8 biominerals inevitably lowered the mass transfer rate of
the catalytic substrate, which was widely discovered in the
previous reports.***¢*’

The ZIF-8 mineral sets up a suit of armor to shield the
encapsulated enzyme against the exterior environment. Next,

© 2024 The Author(s). Published by the Royal Society of Chemistry

we investigated the protective effect of different ZIF-8 bio-
minerals for HRP in different challenging environments,
including a high-concentration urea solution (6 M), and several
organic solvents, including dimethyl sulfoxide (DMSO), N,N'-
dimethylformamide (DMF), methanol, acetone, and acetoni-
trile, for 30 min. As depicted in Fig. 3c, it was found that the
activity of native free HRP decreased to less than 70% of its
original activity after exposure to these environments. Of
specific note, after the treatments with DMSO, DMF and
methanol solvents, the free HRP was completely deactivated. In
contrast, all the ZIF-8 minerals protected the enzymes from
deactivation, which has also been verified in previous
works.®*>%34%  Egpecially, the HA-HRP@ZIF-8 and PSSA-
HRP@ZIF-8 samples could preserve more than 78% of their
original activity in all testing conditions. The results validated
that the polymer-inducing ZIF biominerals still had an excellent
protective effect on interior enzymes. Moreover, the storage
stability of these ZIF biominerals at ambient conditions was
also surveyed. As presented in Fig. 3d, higher than 74% of the
catalytic capability could be preserved after exposing the
materials to ambient conditions for 7 days, suggesting the
functional stability of the ZIF biominerals.

Mechanism of the polymer deposition-mediated
biomineralization

We calculated the ESP values of four polymers that could induce
biomineralization and surveyed their potential binding sites for

Chem. Sci., 2024, 15, 19609-19618 | 19613
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biohybrids after storage at ambient conditions.

interaction with metal precursors. As described in Fig. 4a, the
negative charges were mainly centered on the sulfonic acid
moiety of PSSA, the carboxyl moiety of SA, the amide moiety of
HA, and the carboxyl moiety of PAA, where the interactions of
Zn>* precursors would be energetically favorable. Of specific
note, the lowest ESP value exhibited the order of PSSA (—6.39
eV) <SA(—5.75eV) <HA (—2.72 eV) < PAA (—1.98 eV), suggesting
that the PSSA and SA favored the accumulation of Zn>" by
electrostatic attraction, which was supported well by the higher
enzyme loading contents observed in PSSA- and SA-mediated
MOF biomineralization (Table S21). Considering the lowest
ESP of PSSA and highest catalytic activity of PSSA-HRP@ZIF-8
biominerals (Fig. 3a, b, and 4a), the mechanism of the PSSA-
mediated biomineralization was investigated using different
spectroscopic methods, including UV-Vis absorbance spectros-
copy, fluorescence spectroscopy, inductively coupled plasma
mass spectrometry (ICP-MS), FT-IR and X-ray photoelectron
spectroscopy (XPS). As described in Fig. 1b, the zeta potential of
HRP changed from 4.07 £ 0.30 mV to —21.6 + 0.30 mV after
interacting with the negatively charged PSSA, implying the
formation of the PSSA-HRP complex. This intermolecular
interaction was further validated using fluorescence and UV-Vis
absorbance spectra. The PSSA presented strong fluorescence
emission peaks at 355 nm and 330 nm, attributed to the
extended -1 conjugation within the styrene sulfonic acid

19614 | Chem. Sci,, 2024, 15, 19609-19618

monomer.* In the presence of HRP, blue shifts were observed
with the peaks moving to 350 nm and 320 nm, respectively,
along with an obviously decreased fluorescence intensity
(Fig. 4b). This indicated that the electrostatic interaction
between negatively charged PSSA and positively charged HRP
led to an increase in the electron band gap in PSSA. In addition,
the characteristic Soret absorbance band of native HRP at
around 405 nm™ displayed a blue shift to 400 nm after intro-
ducing PSSA (Fig. 4c), suggesting the intermolecular electro-
static interaction.

The above spectroscopic changes manifested the formation
of the PSSA-HRP complex via electrostatic interactions. After-
wards, the accumulation ability of Zn** by raw HRP and PSSA-
HRP complex was assessed using ICP-MS. It showed that the
PSSA-HRP complex presented ~3.6 times the accumulation of
Zn>* compared to the raw HRP (Fig. S1771). The insight into the
fluorescence spectra found that the emission at 350 nm of the
PSSA-HRP complex was almost dismissed (Fig. 4b), implying
the electron transfer from PSSA to Zn”>* by the coordination
interaction between -SO;~ and Zn>*. At the same time, the new
UV-Vis absorbance band of the PSSA-HRP complex around
500 nm appeared after adding Zn>* (Fig. 4c). This characteristic
peak was ascribed to the electron transfer peak from ligand to
metal,>*** which was also supported by the coordination inter-
action between -SO;~ and Zn>". In the FT-IR spectra (Fig. 4d),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) ESP maps of PSSA, SA, HA and PAA using their corresponding monomer as the simulation fragment. The inserted values were the

minimal ESP values. (b) The fluorescence spectra of PSSA, PSSA-HRP, and a mixture of PSSA-HRP and Zn?* (i.e. PSSA-HRP-Zn?*). (c) The UV-Vis
spectra of HRP, PSSA, PSSA-HRP complex, and PSSA-HRP-Zn2". (d) The FT-IR spectra of HRP, PSSA, HRP-Zn?*, HRP-PSSA, and PSSA-HRP-Zn?*.
(e) The high-resolution XPS spectra of Zn 2p of pure ZIF-8 and the PSSA-HRP@ZIF-8. (f) Schematic diagram of the mechanism of the polymer
deposition-mediated biomineralization of ZIF-8 on positively charged enzymes.

the peak located around 1171 cm ™" was assigned to the anti-
symmetric S=O stretching vibration of the SO;~ groups,*
whereas this characteristic peak was shifted to 1163 cm™ " after
the system was treated with Zn>" ions, further suggesting the
strong interaction of Zn>" by SO;~ groups in PSSA. This was in
agreement with the ESP calculation (Fig. 4a), in which the SO;™
moiety of PSSA was energetically favorable for the interaction
with Zn**. Collectively, these spectroscopic analyses adequately
elucidated the enhanced accumulation of Zn>" onto the PSSA-
HRP complex, attributed to the strong coordination interaction
between -SO;~ and Zn*".

Furthermore, the as-synthesized PSSA-HRP@ZIF-8 bio-
mineral was collected for XPS tests (Fig. S18t1). We found that
the high-resolution XPS peaks of Zn 2p in the PSSA-HRP@ZIF-8
sample shifted to higher binding energies as compared to those
in standard ZIF-8 (Fig. 4e). This might have resulted from the
additional Zn-O coordination interaction between Zn** and
PSSA, wherein the higher electronegativity of O than that of N
elements led to a more electron-deficient state of Zn>". This
indicated that the coordination linkage of ZIF-8 in PSSA-
HRP@ZIF-8 biominerals consisted of Zn-HmIM and Zn-PSSA
interactions (Fig. 4f). Overall, the biomineralization mecha-
nism could be described as follows: the negatively charged

© 2024 The Author(s). Published by the Royal Society of Chemistry

polymers were spontaneously deposited onto positively charged
enzymes via electrostatic interactions, reversing the surface
charge that promoted Zn** accumulation, thereby enabling the
in-place nucleation of ZIF-8.

Generalization for other enzymes and ZIF minerals

The feasibility of the polymer deposition-mediated bio-
mineralization protocol for other positively charged enzymes,
including cytochrome c (Cyt ¢, pI = 9.1), lysozyme (Lys, pI = 11),
and trypsin (Try, pI = 10.7), was explored. As displayed in
Fig. S19,1 the introduction of PSSA, PAA, HA, or SA could indeed
trigger the formation of Cyt c@ZIF-8, Lys@ZIF-8 and Try@ZIF-8
biominerals. All the biominerals exhibited a typical
dodecahedron-shaped structure, with identical PXRD diffrac-
tion peaks as simulated ZIF-8 (Fig. 5a and S20-S22%). The amide
I bands that appeared in the FT-IR spectra attested the
successful encapsulation of enzymes within the ZIF biominerals
(Fig. 5b), with loadings as high as 17.49% (w/w) (Fig. S23 and
Table S4+).

In addition, facile biomineralization was also extendable to
other porous ZIFs, such as ZIF-90 (imidazole-2-formaldehyde
(ICA) as ligand and Zn>* as metal node) and ZIF-zni (imid-
azole, IM as ligand and Zn>" as metal node). In this work, PSSA

Chem. Sci., 2024, 15, 19609-19618 | 19615
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Fig. 5 (a) PXRD patterns of different polymer—enzyme@ZIF-8. (b) FT-

IR spectra of the polymer—enzyme@ZIF-8. (c) PXRD patterns and SEM
images of PSSA-HRP@ZIF-90. (d) PXRD patterns and SEM images of
PSSA-HRP@ZIF-zni. The ligand-to-metal ratio to synthesize the ZIF-
90 and ZIF-zni biominerals were all 160 mM:40 mM, and the PSSA and
enzyme usages were 0.5 mg and 2 mg, respectively.

was taken as the polymer, and the PSSA-HRP complex rapidly
triggered the nucleation and growth of ZIF-90 and ZIF-zni bio-
minerals with high HRP loadings of 5.55% and 12.75%,
respectively (Fig. S24, S25 and Table S5t). The PXRD patterns
and SEM images verified the highly crystalline structures, in
line with the simulated models (Fig. 5¢ and d). Likewise, the
BSA and BSA-NH, were used as the positive and negative
controls to consolidate the mechanism of polymer deposition-
mediated biomineralization (Fig. S26-S31t). The ZIF-90 and
ZIF-zni biominerals were rapidly induced by the PSSA-BSA-NH,
complex but not by BSA-NH,, indicating the critical role of
deposited PSSA in dictating biomineralization (Figs. S26-S317).
Taken together, the results suggested the generalization of this
polymer deposition-mediated biomineralization protocol for
different enzymes and ZIF minerals.

Chemiluminescence biosensor for sensitive detection of H,S

H,S, as an indispensable gas signal molecule, involves in many
signal transduction pathways to modulate humans' normal
physiological functions, such as relaxing smooth muscles,
regulation of cardiac function, inflammation, neuro-
modulation, and activation of autophagy.**** More importantly,
endogenous H,S is also closely associated with many patho-
logical states, including Alzheimer's disease, Parkinson's
disease, down syndrome, diabetes, and liver cirrhosis.>*>*
Therefore, H,S is recognized as a vital disease biomarker, and
the development of a sensitive H,S detection platform is of
significant importance.

Given the better stability of encapsulated enzymes than that
of free enzymes in external environments, we herein developed
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a chemiluminescence H,S sensor based on the biocatalytic
function of PSSA-HRP@ZIF-8 biomineral. Briefly, luminol could
be activated to emit chemiluminescence through biocatalysis of
PSSA-HRP@ZIF-8. In the presence of H,S, the chem-
iluminescence biocatalysis was inhibited (Fig. 6a), where the
H,S concentration was proportional to the reduction in chem-
iluminescence. As a proof-of-concept, sodium bisulfide (NaHS)
was used as the simulant of H,S. In the sensing procedures, PBS
solution (10 mM, pH = 7.4) was used as the medium to avoid pH
variation. It has been reported that ZIF-8 would be decomposed
after incubating in a phosphate solution for a period of time.*
Thus, we conducted a series of tests, including ICP-MS, PXRD,
SEM, and enzymatic activity measurements, to ensure that
during 1 min of sensing, the ZIF-8 biocomposite architecture
had not yet decomposed and, synchronously, the HRP could be
retained within the ZIF-8 biomineral at the moment (details
presented in Fig. S32 and Table S67).

To acquire the best performance for H,S sensing, we opti-
mized the concentrations of luminol and H,O,. As presented in
Fig. S33,T the signal intensity increased with the increasing
luminol concentration in the range of 0.3-1.5 mM and reached
a plateau when the concentrations were higher than 1.5 mM. As
for the optimization of H,0,, the signal intensity reached the
highest at a concentration of 5 mM (Fig. S341). Under the
optimal conditions of luminol (1.5 mM) and H,0, (5 mM), the
decrease in chemiluminescence signal was highly related to the
H,S concentration, with good linearity ranging from 4.88 nM to
78.13 nM (R® = 0.995) and a low LOD of 0.09 nM based on 34/k
method (Fig. 6b, and S35%), significantly outperforming the
previously reported methods (Table S71). In addition, the good
selectivity and anti-interference capability showcased the great
potential of this chemiluminescence sensor for the diagnosis of
H,S-associated diseases (Fig. 6¢, and S36%). Furthermore, after
five successive repeat usages of the sensor, the signal intensities
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Fig. 6 (a) Schematic illustration of H,S sensing based on the PSSA-
HRP@ZIF-8 composite combined with the luminol-H,O, system. (b)
The linear range for H,S quantification. The concentration of HRP was
set at 0.1 ng mL™% (c) The selectivity of the proposed biosensor. The
concentrations of H,S, BSA, and other interfering substances were
1 mM, 2 mM, and 10 mM, respectively.
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remained approximately the same, demonstrating the good
recyclability of the proposed biosensor (Fig. S377).

Conclusions

We have developed a facile and biocompatible polymer
deposition-mediated strategy facilitating the rapid in-place
growth of MOF minerals onto the enzyme surfaces. The depo-
sition of negatively charged polymers can reverse the positive
surface charge of an enzyme by electrostatic interactions,
without compromising the enzymatic activity. Both the experi-
mental results and simulation validate that the -SO;H and -
COOH groups decorated on the polymers offer energetically
favorable binding sites for accumulating metal precursors onto
the enzyme surface, thus inducing different MOF growth using
the enzyme as a biotemplate. This method allows the facile
synthesis of MOF biocatalysts independent of the surface
charge chemistry of an enzyme. This characteristic is rare in
previously reported biomineralization approaches. In addition,
the feasibility of the biocatalytic MOF for ultrasensitive sensing
of H,S biomarker was verified, with a low LOD of 0.09 nM,
superior to most of the reported detection methods. This work
demonstrates the advantages of the polymer deposition
approach for regulating the enzyme surface chemistry and
governing the biomineralization behavior of MOFs onto bio-
templates, which is beneficial for engineering versatile MOF
biocatalysts that integrate reticular chemistry attributes and
biological functions for multifunctional catalytic platforms.
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