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ABSTRACT

Nanozymes and many other types of nanocatalysts are emerging nanomaterials exhibiting high catalytic activity and robustness.

Compared to natural enzymes, nanocatalysts have demonstrated advantages including cost-effectiveness, remarkable stability, and

excellent durability. Yet, despite the substantial progress, nanocatalysts, especially nanozymes, are still facing critical limitations

in catalytic diversity and material processability. In this article, we report a polypeptide-fused silica nanoparticle platform through

an autocatalytic preparation strategy to simultaneously address both challenges. This nanocatalyst development system not only

achieves the first example of nanocatalyst-mediated polypeptide synthesis, but also extends nanozymes’ application scenarios to
intracellular catalysis and membrane catalysis systems, expanding catalytic functionality while enabling convenient integration
into other functional materials by improving nanozymes’ processibility, as evidenced in the preparation and proof-of-concept
application of nanozyme-bearing mix-matrix membranes (MMMs).

1 | Introduction

Nanozymes, as a representative type of nanocatalysts, have
attracted increasing attention in multiple fields over the past two
decades [1-6]. Their low preparation cost, robustness, and high
catalytic activity have made them useful alternatives to enzymes
in applications [7] where robustness and affordability are critical,
for example, in rapid test kits [8], point-of-care platforms (POCTs)
[9], in vivo disease monitoring [10], and the regulation of redox
balance [11, 12]. However, behind the apparent prosperity of
researches in nanozyme development and application, there
is a widely acknowledged, core issue that deters the further
progressing of this field: diversity in catalytic capability. Until
now, a dominating majority [13] (>96%) of nanozymes reported
are acting as mimics of peroxidase (POD) [14], superoxide
dismutase (SOD) [15], catalase (CAT) [16], oxidase (OXD) [17],
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and glucose oxidase (GOx) [18]—this is in sharp contrast to the
abundance in functionality for natural enzymes. Apparently, an
expansion of nanozyme’s catalytic repertoire is necessary, as more
available transformations will surely bring usefulness of such
nanocatalysts to more application scenarios, providing that the
nanozyme’s intrinsic advantages in robustness, activity and cost
can be maintained.

A less frequently discussed but equally important challenge is
the integration of nanozymes and other inorganic nanocatalysts
into natural or synthetic functional systems. Enzymes are folded
macromolecules, and those with good stability can be integrated
into various functional materials, including but not limited
to hydrogels [19-21], membranes [22, 23], liposomes [24, 25],
textiles [26, 27], electrodes [28], even whole-cell catalysts [29],
through covalent functionalization, fusion, and supramolecular
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FIGURE 1 | A comparison of conventional nanozymes and the novel peptide-hybridized nanocatalyst platform reported in this work.

interactions. In contrast, nanozymes and many nanocatalysts are
inorganic nanoparticles in nature and their colloidal stability
and processibility can be extra issues, despite that their inor-
ganic nature brings them higher robustness than those natural
enzymes. Although their surfaces can be modified through
ligand exchange [30] but the options are limited and the ligand-
nanocatalyst association may not be durable. Unlike enzymes
that are usually limited by their stability in material-oriented
applications, nanozymes and most other types of nanocatalysts
are not questioned on stability but troubled by their processibility
and limited way of material integration. New strategies and
development platforms are in absolute demand so that they can
fully utilize their advantage in stability in diverse applications.

Here we present a strategy as a potential 2-in-1 solution for
nanocatalysts, simultaneously enhancing their versatility in
catalysis and granting them higher processibility for material
integration (Figure 1). This strategy is built on the well-known
silica nanoparticles (SiO,NP) but furnished with polypeptide
hybridization through autocatalysis-aided preparation protocols.
This hybrid material platform not only brings easy incorpo-
ration of new catalytic functions, including the first case of
nanocatalyst-mediated polypeptide preparation, but also viability
in material integration, as illustrated in a nanozyme-bearing
MMM for pollutant removal in water. This simple, easily prepared
SiO,NP@polypeptide hybrid scaffold is likely an attractive and
useful platform for nanocatalyst development, enhancing their

versatility and processibility to make them viable in diverse
application scenarios not attempted before.

2 | Results and Discussion

2.1 | Autocatalysis-Aided Preparation of the
Silica-Polypeptide Platform

To achieve the “2-in-1” solution for nanocatalyst versatility and
processibility for system integration, we believe that a develop-
ment platform is needed. This platform should be (1) nanosized
for being called a nanocatalyst, (2) ready to accommodate various
inorganic catalytic centers; and (3) bearing stable, functionalized
shells for function integration and processibility. We consider
SiO,NP a suitable platform for this purpose. The well-known
Stober process has been a properly well-practiced way to prepare
SiO,NP with high size controllability at low cost, allowing
the resulting SiO,NP to be decorated with different functional
groups available for post-modifications [31, 32]. In addition, the
richness of Si—OH moieties on SiO,NP makes them excellent
anchors for a wide range of metals and metal oxides, through
the formation of Si—O—M bonds. With these intrinsic features,
one can confidently build catalytic systems on SiO,NP using
a broad spectrum of metal species of interest, and utilize the
functional decorations on the SiO,NP surfaces to integrate them
into complex systems.
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We thus performed the classical Stober synthesis utilizing
tetraethyl orthosilicate (TEOS), ethanol, and ammonium hydrox-
ide. As anticipated, well-defined SiO,NP of different sizes were
obtained using this approach (100 nm to 800 nm) (Figure S1).
We chose the SiO,NP of median size (200-400 nm) as the model
for the subsequent studies. Using 3-aminopropyl triethoxysilane
(APTES), the prepared SiO,NP could be further decorated with
amino groups, and such modification was confirmed and quan-
tified using ninhydrin (Figure S2). As a way of internal structure
tuning, we also attempted to introduce porosity in the SiO,NP,
leading to the formation of mesoporous silica nanoparticle
(MSN) core [33-35], by using cetyltrimethylammonium bromide
(CTAB) as the structure-directing agent. Transmission electron
microscopy (TEM) images (Figure 2c,d) revealed a uniform meso-
porous architecture, and the observed pore diameter of 2.9 nm
was consistent with the results from Barrett-Joyner-Halenda
(BJH) pore size distribution analysis (2.3 to 2.7 nm, Figure 2e).
X-ray diffraction (XRD) analysis revealed characteristic peaks
for well-ordered mesoporous structure, including a prominent
(100) diffraction peak at 26 ~ 2.05° and weaker (110) and (200)
peaks (Figure 2f), collectively confirming long-range periodic
ordering of the mesopores. Nitrogen adsorption-desorption mea-
surements exhibited type IV isotherms, as shown in Figure 2g.
The MSN could also be functionalized with amines using the
aforementioned APTES method.

We then sought to construct a polymer-based shell for those
SiO,NP-NH,, as polymer modification has been demonstrated as
a viable way to improve the processibility of inorganic nanomate-
rials [36-41]. The strategy we used was to utilize the SiO,NP-NH,
as initiators for the ring-opening polymerization (ROP) of y-
benzyl-L-glutamate N-carboxyanhydride (BLG-NCA), yielding
SiO,NP@PBLG as the desired hybrid material scaffold. Unlike the
traditional preparation methods for polypeptide-based materials,
the synthesis of SiO,NP@PBLG was facile, as it leveraged an
autocatalytic mechanism reported by Cheng et al. [42-45]. The
high density of amino groups on the SiO,NP-NH,, after ROP initi-
ation, led to the formation of a dense array of polypeptide helices,
which was reported to significantly promote the propagation of
polypeptide chains within. Benefitting from such autocatalysis,
this NCA-ROP-based shell construction process exhibited rapid
polymerization kinetics (< 2 h, Figure 2h). Importantly, unlike
the infamously difficult NCA-ROP, this autocatalytic, accelerated
ROP allowed the use of crude NCA monomer under open-
air conditions, making the system much more accessible for
non-experts. Fourier-transform infrared spectroscopy (FT-IR)
confirmed the presence of polypeptides on the SiO,NP-NH,
(Figure 2i), and we were also able to place the SiO,NP@PBLG
complex in HF acid to degrade the silica core for the charac-
terization of the isolated polypeptides. Through gel permeation
chromatography (GPC) characterization, we observed the narrow
molecular weight distribution of the surface polypeptides which
confirmed the uniformity of the polymer modification on the
particle surface (BLG-NCA/SiO,NP-NH, = 1:1 m/m, Figure 2j).
Circular dichroism characterization revealed that these polypep-
tides were indeed adopting a helical structure in DCM (Figure S3).
These data together suggested that the surface PBLG should be
identical to those prepared using other polymerization methods.
Scanning electron microscopy (SEM) and TEM revealed intact,
aggregation-free spherical morphology of the NP@PBLG after
NCA-ROP (Figure 2k). Based on CHON elemental analysis of

SiO,NP@PBLG and GPC characterization data of the cleaved
PBLG, the average PBLG density on SiO,NP was calculated
to be 1 chain per ~400 nm? The system worked similarly
when the core was changed to amine-modified MSN, giving
MSN@PBLG. These results marked the success in building the
nanocatalyst development platform based on a polypeptide-silica
hybrid material.

2.2 | A Nanocatalyst Promoting Facile Polypeptide
Preparation

The plain SiO,NP@PBLG, without the introduction of any metal
species into the core, was found to be a novel nanocatalyst
that mediates NCA polymerization. Such catalytic activity is
not surprising, considering the known NCA-ROP acceleration
mechanism: the polypeptide chain propagation can be signifi-
cantly promoted by the cooperative macrodipole created by the
neighboring polypeptide a-helices in solvents with low dielectric
constants, as we had just utilized in the preparation of the very
SiO,NP@PBLG material. We proceeded to study this nanocat-
alyst’s activity in detail, using the d = 400 nm SiO,NP@PBLG
as the model (Figure S4). All the excess amino groups on
SiO,NP@PBLG, either on the silica core or on the PBLG’s chain-
end, were capped by acetic anhydride so that they would not
interfere with the NCA-ROP. This nanocatalyst was mixed with
BLG-NCA in dichloromethane (DCM) at a 1:1 mass ratio, followed
by the addition of benzylamine as the initiator (M/I = 200). FT-IR
monitoring revealed a fast decrease in anhydride peaks (1860 and
1790 cm™?) from BLG-NCA (Figure 3b), reaching 80% conversion
within 80 min (Figure 3c). At the same time, increased intensity
in amide peaks at 1652 and 1550 cm™ was observed, suggesting
the formation of PBLG (Figure S5). The formed polypeptide
could be easily separated from the SiO,NP@PBLG catalyst by
centrifugation and characterized by GPC (Table 1, Entry 1-2),
and GPC analysis showed the dispersity remained low during
the whole polymerization process (Figure 3d). Meanwhile, the
PBLG chains on SiO,NP@PBLG catalyst maintained their helical
structure during the polymerization process, according to circular
dichroism (CD) measurements (Figure S6). Importantly, mass
spectrometry confirmed the ROP was initiated by benzylamine,
not water or the nanocatalyst, as seen in Figure 3e. Interestingly,
the ROP of BDG-NCA was also catalyzed by SiO,NP@PBLG
(Table 1, Entry 4), indicating that the key of catalysis was the
macrodipole created by the helix array, but the absolute chirality
of the helix should not matter much — the macrodipole is a
simple vector without chirality. The ROP of racemic BDLG-NCA,
however, was not helped by SiO,NP@PBLG (Figure 3f), because
the corresponding polymer product could not form a helix to
“enjoy” the macrodipole. In a more detailed study (Figure S7),
the data suggested that both the helical polypeptides on the NP
surface and the polypeptides from NCA-ROP might contribute
macrodipole needed for the catalytic effect, which is, in the
very nature, analogous to that observed in cooperative covalent
polymerizations (CCPs) [46].

The highly active nature of this nanocatalyst was indicated
in its efficient removal of the stringent conditions required
by traditional NCA-ROP. With this nanocatalyst, the ROP
became highly tolerate to moisture and other impurities. The
traditional amine-initiated NCA-ROP typically requires repeated
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FIGURE 2 | (a) Schematic illustration of the autocatalysis-aided preparation of the NP@PBLG nanocatalyst development platform. (b) Images

of SiO,NP-NH, (left) and MSN-NH, (right). (c) Elemental mapping of C, O and Si of MSN@PBLG obtained using scanning transmission electron
microscopy coupled with energy dispersive x-ray spectroscopy (STEM-EDX). (d) TEM visualization of the pores on MSN-NH,. (e) BJH pore size
distribution analysis of MSN-NH,. (f) XRD characterization result of MSN-NH,. (g) N, adsoprtion-desoprtion isotherms measured at 77 K on calcined
MSN-NH,. (h) Kinetic study of BLG-NCA'’s polymerization on SiO,NP-NH, using IR spectroscopy. (i) FT-IR analysis showing the PBLG was successfully
grafted onto SiO,NP by NCA-ROP. (j) GPC characterization of the surface polypeptides after they were detached from the silica cores using HF/DCM

(1:3 v/v). M, = 3.5x10° Da, P = 1.26. (k) SEM visualization of SiO,NP@PBLG (left) and TEM visualization of MSN@PBLG (right).

NCA recrystallization before monomer usage, but with this
SiO,NP@PBLG nanocatalyst, the ROP could be done in open-
air using monomers obtained directly from a simple precipitation
work-up and benchtop solvent (Figure 3g,h, Table 1, Entry 5-
10). Apparently, this significantly reduced the difficulty and time
needed for polypeptide preparation. Another monomer, ZLL-
NCA, was seen compatible with this catalyst as well (Table 1,
Entry 3 and 6, Figure S8), and copolymerizations could be
performed, too, through sequential monomer addition (Table 1,

Entry 11-12, Figure S9, S10). Other initiators including small
molecules and polymers also worked (Figure S11). For example,
a poly(e-caprolactone) (PCL) macroinitiator, PCL-S-S-NH,, could
lead to the formation of a hybrid copolymer with BLG-NCA
and the nanocatalyst, and the copolymer could form micelles
after the PBLG segments’ side-chains were deprotected (Figure
S12). Importantly, being a heterogeneous catalyst in nature,
the SiO,NP@PBLG nanocatalyst exhibited excellent recyclability
(Figure 3i). After being isolated by centrifugation, it could be
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FIGURE 3 | (a)Aschematicillustration of the open-air polymerization of NCA monomers, mediated by the recyclable SiO,NP@PBLG nanocatalyst.
(b) IR spectra overlay of the reaction mixture during the ROP of BLG-NCA mediated by SiO,NP@PBLG. SiO,NP@PBLG was removed before taking
each IR spectrum. (c) Comparison of the kinetics of BLG-NCA'’s polymerization in the presence or absence of the SiO,NP@PBLG nanocatalyst. (d)
Number-average molecular weight (M,,) and dispersity of PBLG obtained at 20-120 mins after initiation, catalyzed by SiO,NP@PBLG. (e¢) MALDI-
TOF MS spectrum of low molecular weight PZLL obtained from benzylamine-initiated NCA-ROP catalyzed by SiO, @PBLG. The observed m/z values
matched the theoretical values: m/z = 262.13xDP + 154.03 (DHB) + 107.07 (Benzylamine) + 22.99 (Na). The polymerization was quenched shortly after
initiation. (f) Comparison of BDG-, BLG-, and BDLG-NCA'’s polymerization kinetics when SiO,NP@PBLG was utilized as the catalyst, revealed by IR
spectroscopy. (g) GPC characterization of PBLG obtained from SiO,NP@PBLG-catalyzed ROP with the presence of added water, which showed the
robustness of the catalysis. (h) GPC characterization of PBLG obtained from SiO,NP@PBLG-catalyzed ROP of crude BLG-NCA monomer. The crude
NCA was obtained directly from petroleum ether precipitation after phosgenation, while the pure NCA was obtained by repeated recrystallization. (i)

GPC characterization of PBLG obtained using SiO,NP@PBLG that was recycled once, twice and thrice. For all the polymerizations above, benzylamine
was used as the initiator (M/I = 200:1), and m(NCA)/m(SiO,NP@PBLG) was kept at 1:1.

washed and dried for reuse for multiple times. Collectively, these
results demonstrated the excellent activity and robustness of
SiO,NP@PBLG as a novel NCA-ROP nanocatalyst.

2.3 | Immobilization of Metal Catalytic Centers in
the MSN@PBLG Platform

The above NP@PBLG platform, in addition to its capability
of serving as a polymerization nanocatalyst itself, can be con-
veniently endowed with other catalytic abilities by depositing
different metal species onto the silica core [47]. To facilitate
the metal deposition process, we used MSN as the core, for
it has a higher surface area and porosity. A model system
was established through the reduction-deposition of sodium
chloropalladate to metallic palladium on MSN-NH, using sodium
borohydride. With a Na,PdCl,/NaBH,/MSN-NH, mass ratio of

80:21:50, a palladium-loaded NP, MSN(Pd)-NH,, was obtained.
NCA-ROP was then performed on the surface of MSN(Pd)-NH,,
and the resulting nanocatalyst, MSN(Pd)@PBLG (Figures S13,
S14), showed good dispersibility in aqueous environment, while
the common Pd/C catalyst only formed precipitates (Figure 4b).
The Pd loading rate of MSN(Pd)@PBLG was determined to
be adjustable (~5% to 13%) by ICP-MS. The nanocatalyst was
then evaluated for its catalytic performance in the Suzuki
coupling reaction, using 1-iodo-4-methoxybenzene (S1) and 2-
phenylthiazole (S2) as the fluorogenic substrates for convenience.
Fluorescence (Figure S15) and HPLC peak of the product
was clearly observed in 20 h (yield 73%, Figures 4c and SI5,
S16), confirming the catalytic ability of the MSN(Pd)@PBLG
nanozyme. The reaction also featured Michaelis-Menten-type
kinetics (Figure S17), identifying the MSN(Pd)@PBLG nanocat-
alyst a nanozyme. Encouraged by these results, we went on
to evaluate if such nanozyme with modularly added catalytic
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TABLE 1 | NCA polymerizations initiated by benzylamine with SiO,NP@PBLG nanocatalyst.

Entry?* NCA M/I ratio® Solvent M, (kDa)/DP Dispersity
1 BLG 200:1 DCM 142.3 (650) 1.07
2 BLG 50:1 DCM 84.15 (384) 1.05
3 ZLL 200:1 DCM 71.63 (272) 1.15
4 BDG 200:1 DCM 132.4 (605) 113
5 BLG 200:1 DCM (ND)* 141.6 (646) 117
6 ZLL 200:1 DCM (ND)* 49.90 (190) 11
7 BDG 200:1 DCM (ND)® 126.10 (576) 116
8 Crude BLGY 200:1 DCM 109.5 (500) 1.21
9 Crude BDG¢ 200:1 DCM 100.5 (459) 122
10 Crude ZLL? 200:1 DCM 57.80 (220) 1.09
11 BLG-co-ZLL® 200:86:1 DCM 607.9 (1849:774)8 1.05
12 BLG-b-ZLLf 200:34:1 DCM 263.6 (1003:167)¢ L1

2For the entries not noted otherwise, DCM was dried using molecular sieves and monomers were purified through repeated recrystallization.

bFor all polymerizations, benzylamine was used as the initiator, and a 1:1 (w/w) ratio of NCA/nanocatalyst was used.

°DCM was taken directly from commercial containers and was not dried before use.

dThe crude monomers were obtained by directly pouring the reaction solution into the petroleum ether, collected by filtration and vacuum-dried.

¢Random copolymerization using BLG-NCA (20 mg) and ZLL-NCA monomer (10 mg), 2 h reaction time.

Block copolymerization by sequential addition of BLG-NCA monomer (25 mg) and ZLL-NCA monomer (5 mg), 1 h reaction time for each block.

8The ratio of BLG and ZLL residues on the copolymers, determined by 'H NMR. The peaks for the methylenes on the benzyl groups were used for integration and
quantification (peak deconvolution was required).
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FIGURE 4 | (a) A cartoon illustration of intracellular Suzuki coupling reaction mediated by MSN(Pd)@PBLG nanozyme. (b) Photos showing the
difference in colloidal stability of commercial Pd-C catalyst and MSN(Pd)@PBLG in PBS. (c) HPLC chromatogram overlay showing the formation
of the product, from the MSN(Pd)@PBLG-mediated Suzuki coupling of S1 and S2 in PBS. Mobile phase: CH;O0H (0.1%TFA) and H,0 (0.1%TFA)
gradient, 1.0 mL/min. (d) MTT assay result showing the cell viability using MCF-7 cells treated with MSN@PBLG or MSN(Pd)@PBLG at different
concentrations. (e) Confocal microscope visualization of the fluorescent product formed inside MCF-7 cells. The intracellular Suzuki coupling was
mediated by MSN(Pd)@PBLG (5 pg/mL) with [S1] =100 uM and [S2] = 110 pM.
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capability could potentially be used in a biological environment
like many other ROS-related nanozymes reported before. After
having validated the successful cell uptake of these polymer-
coated, slightly negatively charged NPs (Figure S18), we incu-
bated MCF-7 cells with MSN(Pd)@PBLG; and after the cell
uptake of the nanozymes, the cells were then incubated with
the same fluorogenic reactants, 1-iodo-4-methoxybenzene and 2-
phenylthiazole. After 6 h, confocal microscopy clearly revealed
the cyan fluorescence from the product in the treated cells, indi-
cating excellent intracellular catalytic activity of the nanozyme
(Figure 4e). Importantly, we also assessed the cytotoxicity of
MSN(Pd)@PBLG using MTT assay, which revealed that this
material had an excellent biocompatibility profile, showing >80%
viability of the cells at a concentration of <128 ug/mL (Figure 4d).

Alternatively, the introduction of catalytic centers could be done
by simple cofactor trapping instead of a redox-deposition process.
This was exemplified by changing the Pd to Cu for the catalysis
of Cu(I)-catalyzed azide-alkyne 1,3-cycloaddition (CuAAC). By
simply incubating Cu-BTTAA complex with MSN-NH,, the com-
plex could be trapped in the pores of the nanoparticles (>10% wt
loading), and then the NP was transformed into MSN(Cu)@PBLG
by surface-initiated NCA-ROP (Figure S19). This nanocatalyst
was also able to mediate abiotic reaction in live MCF-7 cells,
turning 3-azido-7-hydroxycoumarin and p-ethynylanisole into a
fluorescent coumarin derivative (Figures S20, S21). Regardless
of the way used to introduce metal centers, we believed that
the PBLG shell had helped in increasing the local concentration
of the substrates, therefore increasing the overall reaction rate.
This was demonstrated by a simple experiment in which organic
dyes were incubated with MSN@PBLG in water, and UV-vis
spectroscopy revealed that a significant amount of dyes were
captured by the nanocatalyst (Figure S22). From these results,
one can see the potential of this modular nanocatalyst platform in
diverse biomedical and chemical biology applications by creating
new bioorthogonal pathways in live cells, which may make this
NP@PBLG platform intrigue researchers of many different fields.

2.4 | Improved Processibility of the MSN@PBLG
Scaffold Enables Functional MMM Preparation

As inorganic material, many nanocatalysts have intrinsically low
processibility, which makes it difficult to integrate them into
other functional matrices. While surface coating is a common
way to improve the processibility of inorganic nanoparticles,
such coating can potentially devastate the catalytic performance
of nanocatalysts as the coating can disrupt the key structures
of the nanocatalyst surfaces. Our NP@PBLG scaffold, however,
provides a unique opportunity for processibility enhancement
of nanocatalysts, as the PBLG chains rooted on the silica can
themselves serve as coatings without disrupting the nanocat-
alyst’s activity. To demonstrate this feasibility, we started a
MMM preparation attempt using MSN@PBLG (Figure 5a). The
MSN@PBLG scaffold (M, = 2.0x10° Da, b = 1.18 for BLG-
NCA/MSN-NH, = 1:1 m/m, dygy = 400 nm, Figures S23, S24)
was synthesized through in situ NCA-ROP initiated by MSN-
NH, of the corresponding size, as previously demonstrated.
The freshly synthesized MSN@PBLG in chloroform solution
was directly cast onto a Nylon membrane. Subsequent sol-
vent evaporation facilitated robust interfacial adhesion between

MSN@PBLG and Nylon, presumably mediated by the polar
interactions and hydrogen bonding between Nylon and PBLG,
both of which are polyamides. Notably, the PBLG modification
ensured homogeneous dispersion of MSN in the polymer matrix
of the resulting Nylon-MSN@PBLG MMM (Figure 5b), and
the membrane was stable toward folding, even after 30 h of
continuous water flow (Figure S25). In contrast, MSN itself could
not form a stable MMM on Nylon, but behaving more like loosely
packed powders that broke upon folding (Figure 5b). When
simple PBLG/MSN mixture (instead of the covalently linked
composite MSN@PBLG) was used for MMM preparation, it also
gave better membrane than using MSN only, but the roughness
of the formed MMM in this way clearly indicated lower structure
uniformity compared to the MMM prepared with MSN@PBLG.
Morphological characterization of the membranes via scanning
electron microscopy (SEM) revealed substantial structural dif-
ferences. Nylon-MSN “membrane” was actually loosely packed
nanoparticles under SEM, and its fragility was already indicated
in the folding test. Meanwhile, although the Nylon-(MSN+PBLG)
MMM demonstrated improved stability compared to Nylon-MSN,
it clearly showed fractures in the cross-section, but the Nylon-
MSN@PBLG featured uniform cross-sectional morphology. This
observation was consistent with the apparently rougher surface of
Nylon-(MSN+PBLG) MMM (Figure 5b). We also checked how the
BLG-NCA/MSN-NH, ratio would affect the MMM preparation,
and it was seen that ratios between 5:1 to 1:1 were giving
satisfactory results (Figure S26).

We then went on to evaluate if such integration of the nanocata-
lyst scaffold could possibly affect the intrinsic functionality of the
core. This was done by assessing the MMM’s molecule absorption
performance, which is the inherent function of the porous MSN
core. For this purpose, hydrophobic, and hydrophilic organic
dyes, namely methylene blue (MB), BODIPY and Thioflavin T
(THT), as well as a common metal salt contaminant, K,Cr,0,
(Figure 5c), was dissolved in water and made passing through
the MMMs prepared above. The Nylon-MSN “membrane” was
not included because of its low viability due to extremely high
fragility. It was observed clearly that the Nylon-MSN@PBLG
could successfully leverage the intrinsic porosity of MSN,
enabling the efficient removal of small molecules and ions from
the solutions (Figure 5d,e). In contrast, the Nylon-(MSN+PBLG)
MMM and Nylon-PBLG MMM failed to do any filtration as
it proved to be completely water-impermeable, likely due to
the high hydrophobic nature brought in by PBLG. Collectively,
these findings not only demonstrated the improved processibility
enabled by the NP@PBLG scaffold that can potentially enhance
nanocatalyst integration into other functional materials, but also
validated that the improved processibility was made possible not
at the cost of functionality. The functionality at the nanocatalyst
core could be well maintained, as revealed in the above MMM
preparation.

2.5 | Nylon-MSN(CeO,)@PBLG MMM as a
Nanozyme-Empowered Pollutant Removal Tool

As we have shown that the MSN@PBLG scaffold could be
easily integrated into functional materials, such as an MMM, we
moved to establish a proof-of-concept demonstration, in which
modularly introduced nanozymes could be processed along with
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FIGURE 5 | (a)A cartoon illustration on the working mode of Nylon-MSN@PBLG MMM for pullutant removal in water. (b) The top- and side-view
SEM images of the MMM, and photographs of the prepared MMM before and after folding test. (c) The chemical structures of BODIPY, THT, methylene
blue, and K,Cr,05, used as model pollutants in water (d) Photos showing the strong molecular absorption effect of the prepared Nylon-MSN@PBLG
MMM. (e) Quantification of the dye/metallate removal efficiency by passing the aqueous solutions through the prepared Nylon-MSN@PBLG MMM.
Nylon-(MSN+PBLG) and Nylon-PBLG MMM were tested together but the filtrate was unable to pass through, so no result was obtained. Nylon-MSN
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the MSN@PBLG scaffold and function properly in a hybrid
material matrix as proposed. We chose CeO, as the model
nanozyme to be incorporated into the MSN@PBLG scaffold,
for it has demonstrated exceptional phosphatase-like activity in
biomedical applications, mediating efficient dephosphorylation
under mild conditions [48, 49], including the detoxification of
organophosphates. Meanwhile, CeO, is a metal oxide, facilitating
its seamless integration with the silica core through Si-O-M
bonding. We were expecting that the successful integration of
CeO, nanozyme [50-55] could bring us a highly versatile MMM
that could remove pollutants in water through both catalytic and
absorptive pathways (Figure 6a).

The incorporation of CeO, units into the MSN@PBLG scaf-
fold was achieved using a protocol similar to the prepara-
tion of MSN(Pd)@PBLG. In short, MSN-NH, was mixed with
Ce(NO,;);-6H,0 in a mixture of ethanol, ethylene glycol, and
ammonium hydroxide, and was heated to 100°C for the desired
metal oxide to form and deposit on silica. The resulting

MSN(CeO,)-NH, were then subjected to in-situ polymerization
to form MSN(CeO,)@PBLG nanozyme composite (Figure S27).
TEM characterization clearly revealed CeO, nanostructure for-
mation on the MSN surface, and elemental mapping confirmed
the successful deposition of Ce. The anchoring of Ce (and other)
species on the MSN core was proved stable, as negligible leaching
was identified after being placed 24 and 48 h in water (Figure
S28). After optimizing the synthetic parameters, we selected the
most effective catalyst (Table S1 and S2) for kinetic studies. A
remarkably high conversion rate of nearly 70% was achieved
within just 1 min using merely 2.4 mg of such MSN(CeO,)@PBLG
nanozyme (Figure 6b), demonstrating superiority to those tra-
ditional “standalone” CeO, enzymes of various morphologies
(Figures 6b, S29 and Table S3). Thus, we continued to utilize
the membrane fabrication technique described earlier, so that
MSN(CeO,)@PBLG was processed into an “catalytic MMM”.
ICP-MS analysis indicated a high Ce content of 11.1% in the
resulting MSN(CeO,)@PBLG nanozyme core. Similar to the
Nylon-MSN@PBLG MMM described above, TEM imaging of the
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(a) A cartoon illustration showing the on-membrane dephosphorylation catalysis mediated by the Nylon-MSN(CeO,)@PBLG MMM,

a nanozyme-integrated hybrid material. (b) Kinetic study of p-NPP hydrolysis catalyzed by Nylon-MSN(CeO,)@PBLG powder through UV-vis
spectroscopy. 65°C, [p-NPP], = 30 uM. (c) TEM image and EDX elemental mapping of MSN(CeO,)@PBLG nanostructures. (d) Top- and side-view
SEM images of the Nylon-MSN(CeO,)@PBLG MMM. (e) Photographs of the prepared Nylon-MSN(CeO,)@PBLG MMM before and after the folding
test. The fragile membranes prepared using CeO, nanozymes (of two different shapes) were shown as comparison. (f) UV—vis quantification of the on-
membrane catalysis. Aqueous p-NPP solution (10 uM) was made flowing through MSN(CeO,)@PBLG MMM at 65°C for 1-3 times. (g) ICP-MS/UV-vis
quantification of Cr and p-NPP removal after a solution containing both K,Cr,0; (0.008 mg/mL) and p-NPP (10 uM) was made flowing through
the MSN(CeO,)@PBLG MMM three times. p-NPP conversion was determined by measuring the concentration of the hydrolyzed product, p-NP. (h)
Structures of phosphate nerve agents, and a schematic diagram of methyl paraoxon degradation using Nylon-MSN(CeO,)@PBLG MMM. (i) UV—vis
quantification of the on-membrane catalysis for the degradation of methyl paraoxon (aq., 10 pM), which was passed through MSN(CeO,)@PBLG MMM
at 65°C, at pH = 10, for 1-3 times. (j) ICP-MS/UV—vis quantification of simultaneous K,Cr,05 (0.008 mg/mL) and methyl paraoxon (10 uM) removal
by MSN(CeO,)@PBLG MMM (3 passing-throughs). Percent of degradation was determined by measuring the concentration of the hydrolyzed product,

p-NP.
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fabricated CeO,-containing MMM showed a nanocomposite layer
stably adhered to the Nylon support (Figures 6d, S30). In contrast,
the attempt to prepare MMM directly with CeO, NPs resulted in
an unstable layer with rough surface morphology, and showing
clear signs of detachment upon folding. Again, this phenomenon
indicated that the MSN@PBLG scaffold was necessary to endow
the nanozyme system with enough processibility for material
integration, such as in the preparation of an MMM (Figure 6e).

Next, we employed p-nitrophenyl phosphate (p-NPP) as the
model chromogenic substrate to evaluate the catalytic activity
of the MMM in mediating dephosphorylation reaction when
serving as a filtration device. Ideally, the high efficiency and
turnover number of such nanozyme system can achieve a pass-
to-degrade process, removing undesired phosphates in a very
convenient way. Meanwhile, the MMM may also work as a pol-
lutant absorbent, removing other unwanted molecules through
trapping as we have indicated in the section above. Since both
p-NPP and its hydrolysis product, p-NP (which converts to p-
nitrophenolate at high pH) (Figure S31), exhibited distinctive
UV-vis absorption spectra, real-time reaction monitoring could
be performed conveniently. We observed that for a p-NPP solution
of 10 uM, three consecutive MMM passing-throughs (flow rate
ca. 5 mL/min) at 65°C would lead to >80% dephosphorylation
(Figure 6f), demonstrating the robust catalytic efficiency of this
nanozyme-integrated MMM under flow conditions. It should be
noted that the incorporation of CeO, did not affect the intrinsic
property of the MSN core. The MMM material demonstrated dual
functionality, that is, molecular adsorption and catalysis. We chal-
lenged the system with a mixed solution containing both K,Cr,0,
(0.008 mg/mL, as a model heavy metal pollutant) and 10 uM p-
NPP. Remarkably, concurrent ICP-MS and UV-Vis analyses of
the filtrate revealed near-complete Cr removal (>95%) alongside
efficient p-NPP decomposition through catalysis (Figure 6g).

Finally, we moved to use real environment pollutant for the
evaluation of our nanozyme MMM’s performance. Paraoxon, one
of the most potent acetylcholinesterase-inhibiting insecticides
available, ~70% as potent as the nerve agent sarin, is likely
an appropriate substrate for the MSN(CeO,)@PBLG nanozyme
(Figure 6h). Given the toxicity of such phosphate nerve agents
and the risk in handling them, we used a less toxic ana-
log, methyl paraoxon [56], for a similar evaluation using the
nanozyme-integrated MMM. The results were encouraging: as
shown in Figure 6i, three consecutive MMM passing-throughs
(flow rate ca. 5 mL/min) of a methyl paraoxon solution (10
uM) at 65°C led to ~70% detoxification. Such catalytic decom-
position was neither conflicting with adsorption-based pollutant
removal, as indicated by the simultaneous Cr removal when
K,Cr,0; (0.008 mg/mL) was present in the model solution
passing through the MMM. These results clearly highlighted
such nanozyme MMM’s versatility, and the potential to utilize
its functions synergistically for better performance in complex
multicomponent systems, such as in a wastewater treatment
apparatus.

3 | Conclusion

With the aid of the autocatalyzed NCA-ROP, we were able to
prepare the polypeptide-fused NP@PBLG nanocatalyst scaffold

with ease. We believe that the introduction of such a platform
provides a potential solution to two long-standing challenges
in nanocatalyst research: limited catalytic diversity and poor
material processability. For the former, we demonstrated four
catalytic functions that could be modularly incorporated into
the NP@PBLG scaffold, namely NCA-ROP catalysis, Pd-mediated
Suzuki coupling, CuUAAC, and CeO,-mediated dephosphoryla-
tion. Among them, NCA-ROP catalysis is an unprecedented
one, showcasing the first example of nanocatalyst-mediated
polypeptide synthesis. For the latter, we showcased the MMM
preparation using MSN(CeO,)@PBLG on Nylon substrate, and
the resulting material was successfully utilized as a versatile
filtration device to remove aqueous pollutants through both
absorptive and catalytic pathways. There is still vast potential
for function expansion for this platform, as indicated by our
preliminary results (Figures S32-S34) which showed activities
similar to Fenton catalyst (with Fe centers), superoxide dismutase
(SOD), and peroxidase (POD) (with Au or Pt centers). Crucially,
this platform retains the intrinsic advantages of nanozymes and
other nanocatalysts: cost-effectiveness, stability, and durability,
but has dedicated to address their historical limitations. By bridg-
ing inorganic nanocatalysis with nanomaterial engineering and
polymer chemistry, we believe that this work has the potential
to bring new inspirations for developing versatile nanocatalysts
adaptable in different material systems suitable for use in the
fields of materials science, biotechnology, environmental science,
and beyond, as robust alternatives to natural enzymes and small
molecular catalysts.
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