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The applications of nanomaterial-based enzyme-mimics (Enz-Ms)

in biocatalytically therapeutic and diagnostic fields have attracted

extensive attention. The regulation of the biocatalytic performances and
biofunctionalities of Enz-Ms are essential research objectives, including

the rational design and synthesis of Enz-Ms with desired biofunctional
molecules and nanostructures, especially at the level of molecules and even
single atoms. Here, this timely progress report provides pivotal advances
and comments on recent researches on engineering biofunctional Enz-Ms
(BF/Enz-Ms), particularly chemical synthesis, functionalization strategies,
and integration of diverse enzyme-mimetic catalytic activities of BF/Enz-
Ms. First, the definitions and catalogs of BF/Enz-Ms are briefly introduced.
Then, detailed comments and discussions are provided on the fabrication
protocols, biocatalytic properties, and therapeutic/diagnostic applications of
engineered BF/Enz-Ms via hydrogels, nanogels, metal-organic frameworks,
metal-polyphenol networks, covalent-organic frameworks, functional cell
membranes, bioactive molecules and polymers, and composites. Finally,
the future perspectives and challenges on BF/Enz-Ms are outlined and
thoroughly discussed. It is believed that this progress report will give a
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"

body as biocatalysts."? This kind of high
efficient and powerful catalytic abilities
endow them great possibilities to be used
as catalysts for biosynthesis,? indicators
for environmental monitoring,!>* and bio-
logical therapeutic agents.*%! However,
their shortcomings, such as variability,
high cost, troublesome preparation, and
difficulty in recycling, have further lim-
ited their applications as biomedicine.”*!
The fast developments of nanotechnology
and the deep understanding of catalytic
mechanisms make it possible to use cata-
Iytically active nanomaterials to prepare
“artificial enzymes” to simulate natural
enzymes.[**1% A large number of nano-
systems, constructed from metal
inorganics,'%8 or organic molecules,%’!
have been reported to show catalytic abili-
ties similar to those of natural enzymes.
These biocatalytic nanomaterials have also
been defined as enzyme-mimics (Enz-

chemical and material overview on the state-of-the-art designing principles
of BF/Enz-Ms, thus further promoting their future developments and

prosperities for a wide range of applications.

1. Introduction

As an essential participant in the metabolism of organisms,
natural enzymes regulate catalytic reactions in the human

Ms), or nanozymes in some cases,?-24
which have presented promising applica-
tions in tumor therapies, !’ biosensing,?l
antipathogen,”l and wound healing.?®]
Especially with the fast evolution of
synthetic and fabrication methods, the
morphology, composition, and proportion of nanoparticles
in Enz-Ms are regulated reasonably and efficiently in recent
years.[?31 Not only the constructed types of Enz-Ms increase
dramatically, the catalytic mechanisms are also gradually
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studied in detail, which significantly augments the beneficial
catalytic bioeffects to meet the growing needs in biomedical
applications.

Although significant progress is being made since recent
years, the applications of Enz-Ms as biomedical agents still
face many challenges. The priority one is finding effective
ways to enhance and optimize the biocatalytic performances
and biofunctionalities of Enz-Ms in diverse physiological envi-
ronments. Although some reports indicate that the optimized
Enz-Ms has no less catalytic activity than natural enzymes, 32331
the biological functionalities of most Enz-Ms still need to be
improved urgently to minimize their dosages and satisfy their
biological applications.?#3! Besides, the catalytic behaviors of
Enz-Ms are also affected by endogenous environmental factors,
such as pH, oxidation conditions, and redox systems;?*38 or
exogenous ones, like ultrasound, X-ray and light radiations, and
electrochemical stimuli,’3**? which may induce the failure of
their biocatalytic activity and stability. Importantly, to mimic the
specific metal catalytic centers of natural enzymes, Enz-Ms is
often designed using multiple metal atoms doping or complex
hybrid structures,®>* making it very challenging to precisely
distinguish their active centers and control their functionality
and biocompatibility.*’] Therefore, it is essential to accurately
regulate these critical factors of Enz-Ms, including size, ele-
mental composition, chemical structures, nanotopography, bio-
logical properties, and biosafety.*#]

Aiming to control these key factors, the essential part is
to precisely engineer Enz-Ms and tuning their biofunction-
alities, especially at the molecule and even at the single-atom
level.B048-50 To precisely engineer Enz-Ms for different reac-
tion processes, the catalytic activity and selectivity of metal
sites must be fully explored and understood by experimental
and theoretical methods.*”] Meanwhile, for the regulation of
their biofunctionality and biosafety, the catalytic Enz-Ms have
to be carefully integrated with biofunctional molecules and
nanostructures. Appropriate surface coatings or structural
modifications can modulate their biological properties by
adjusting surface bioactivity, surface charge, exposure of active
metals, substances’ affinity, etc.>>2 Therefore, the rational
synthesis, structural design, and biofunctionalization of Enz-Ms
by biomacromolecules,’>*¥ cell membranes,>>>% or organic
frameworks!®?% are of great significance to achieve Enz-Ms
with combined high catalytic performances and improved
biomedical application prospects.

Excellent and comprehensive reviews about how different
nanomaterials affect biocatalytic activities and biomedical
applications have been introduced, for instance, the design
of metal and inorganic nanoparticles-based nanozymes or
Enz-Ms.3>%7-%01 Herein, this timely progress report will espe-
cially focus on the recent investigations on engineering bio-
functional Enz-Ms (BF/Enz-Ms). Particularly, we focus on the
chemical synthesis, functionalization strategies, and integration
of diverse enzyme-mimetic catalytic activities of BF/Enz-Ms.
First, the definitions and catalogs of BF/Enz-Ms are briefly
introduced. Then, we give detailed comments and discussions
on the fabrication protocols, biocatalytic properties, and ther-
apeutic/diagnostic applications of engineered BF/Enz-Ms
via using hydrogels, nanogels, metal-organic frameworks
(MOFs), metal-polyphenol networks (MPNs), covalent organic
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frameworks (COFs), functional cell membranes, bioactive mole-
cules and polymers, and composites. Finally, the future perspec-
tives and challenges on BF/Enz-Ms are outlined and thoroughly
discussed. We Dbelieve that this progress report will provide a
chemical and material overview on the state-of-the-art BF/Enz-Ms
to understand the designing principles, biocatalytic activities, and
bioavailabilities, thus further promoting their future develop-
ments and prosperities for a broad range of applications.

2. Definitions and Catalogs of Enz-Ms

Enz-Ms, also named as nanozymes in many catalytic nano-
systems, which simulates the function of natural enzymes
by means of chemical catalysis and nanotechnologies, attract
broad interest due to their high biocatalytic efficiency, low cost,
and high adjustability.?2#>8] At present, the simulations of nat-
ural enzymes by inorganic nanomaterials are mainly concen-
trated on oxidoreductases as shown in Scheme 1, such as the
peroxidase (POD), oxidase (OXD), catalase (CAT), and super-
oxide dismutase (SOD).55%57]

Simulating the bioactivity of natural enzymes using
Enz-Ms, generally involves the transfer of electrons and the gen-
eration or scavenging of free radicals.**>° A case in point is
the catalytic mechanism of peroxidase-mimics, which belongs
to the Fenton or Fenton-like reactions. First, the O—O bond
of ROOH gets broken into dihydroxyl radicals after adsorp-
tion on the surface of Enz-Ms. Then the intermediate product
with colors is formed by partial electron exchange and finally
oxidized to CO,, H,0, or inorganic salts.?2# %1 Generally
speaking, the catalytic mechanism of Enz-Ms is similar to
that of a natural enzyme. To have a better understanding,
the classification of Enz-Ms is commonly done according
to the types of natural enzymes, such as the oxidoreductase
family and hydrolase family,[! or according to the types of

Scheme 1. lllustration of the species of Enz-Ms (or nanozymes in many
nanomedicine systems) and their biocatalytic mechanisms for prooxida-
tion and antioxidation.

© 2020 Wiley-VCH GmbH
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Table 1. The categories of Enz-Ms: classifications, representative materials, and typical applications. ELISA: enzyme-linked immunosorbent assay.

Classifications Representative materials Mimetic Enzymes Applications Refs.
Inorganics Carbon Nanomaterials GO POD Glucose sensor [62,63]
Semiconductors Modified g-C3N, Glucose oxidase/POD Photocatalysis Antioxidant [64,65]

Metal oxides Ceo SOD Antibacterial [66,67]

Metal single-atom catalysts POD Glucose sensor [68,69]

Si dots Horseradish peroxidase Antiinflammation [70,71]

Se NPs POD Antibacteria/diagnosis [72,73]

MXene OXD Antibacteria [74,75]

MoS, POD Anticancer [16,76]

Black-phosphorus POD Alzheimer's disease [77-80]

Fe;O4 CAT Immunotherapy [81,82]

CeO, OXD Anticancer [53,83]

MnO, CAT Phenol degradation [18,84]

CuO Horseradish peroxidase [85]

Metal Metal nanoparticles (NPs) Au NPs Glucose oxidase Antioxidant [86,87]
Metal alloys Pt NPs POD Glucose sensor [88,90]

Cu NPs POD Glucose sensor [91,92]

Pdlr POD Immunoassay [24,93]

PtCo OXD Colorimetric biosensing [94,95]

PtNi Horseradish peroxidase Chloramphenicol sensor [96,97]

PtCu POD H,0, sensor [98,99]
Organics Organic molecules Fluorescein Glutathione peroxidase Antioxidant [100,1071]

MOFs Polypyrrole Horseradish peroxidase Glucose sensor [102]

COFs PEI-DHB POD Heparin detection [103]
Porphyrin POD H,0, detection [104,105]
Pt-MOF CAT Anticancer [106,107]

Au-MOF POD/glucose oxidase H,0,/glucose sensor [23,108]

Hemin-MOF Horseradish peroxidase Thrombin detection [61,109,110]

FePor-TFPA-COP POD ELISA [mm,mz]
CTF-1 OXD, POD Biothiol detection [113,114]

Au-COF POD SERS-ELISA [19,115]

catalytically active elements, like iron-based and carbon-
based.P”6% Basically, all of these Enz-Ms can be divided into
the three categories summarized in Table 1 according to their
material characteristics:

1) inorganic nanomaterials, including carbon-based nanomate-
rials, semiconductors, and metal oxides;

2) metals, including metal nanoparticles and metal alloys;

3) organics, including small organic molecules, coordination
polymers, MOFs, COFs, and other conjugated polymers.

The design of metal, inorganic, and organic materials for
Enz-Ms or nanozymes has been recently presented in some
excellent and comprehensive reviews as mentioned in the
introduction section. Some of the points addressed previously
include how different nanomaterials affect biocatalytic activity
as well as carefully introducing biomedical applications. There-
fore, in the following sections of this review, we will especially
focus on the recent findings on using functional molecules and
nanostructures to engineer BF/Enz-Ms. The fabrication proto-
cols, biocatalytic properties, and representative biological appli-
cations of recently engineered BF/Enz-Ms via using hydrogels,
nanogels, MOFs, MPNs, COFs, functional cell membranes,
bioactive molecules and polymers, and composites will be
discussed sequentially. The structural overview and contents of
this review are outlined in Figure 1.
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3. Hydrogel Molecules Engineered BF/Enz-Ms

Hydrogels are 3D, crosslinked networks of water-soluble
polymers, which include a wide range of chemical composi-
tion and physical properties.l?0-123] Because of its adjustable
physical properties, controllable degradability, and the ability
to protect unstable materials from degradation, hydrogels can
control the release of various therapeutic agents in spatial
and temporal, including small-molecules, macromolecules,
nanostructures, and even cells.'?*124 Thus, the hydrogel can
be used as a platform, where controllable adjustments can be
made for drugs/proteins/enzymes delivery or regenerative
therapeutics.[12>-128]

3.1. Porous Hydrogel as the Matrix of Enz-Ms

Porous hydrogels are considered one of the best biomaterials to
improve drug transport and interact with cells or tissues because
of the large number of pores inside them that can be used as
biological metabolites for cargo transport and release.'?] In the
antibacterial application field, porous hydrogels are widely used
in preventing bacterial infections. For example, Sang et al. took
advantage of the peroxidase-like activity and near-infrared pho-
tothermal properties of MoS, to construct an Enz-Ms-hydrogel
system with a positively charged and macroporous hydrogel

© 2020 Wiley-VCH GmbH
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Figure 1. Schematic illustration of Enz-Ms species and how they can be engineered by biofunctional molecules and nanostructures for catalytic thera-
peutics and diagnostics, ROS: reactive oxygen species. Reproduced with permission."®l Copyright 2019/2018, American Chemical Society. Copyright

2019, Wiley-VCH.

matrix (Figure 2A-a—d).3% Owing to the positive charge and
inner macroporous of the hydrogel, it captured bacteria to
enhance the interaction with Enz-Ms, so that the high-density of
ROS-induced bacteria-killing happened more effectively in a lim-
ited space. It was noteworthy that by combining the near-infrared
photothermal and ROS production properties of MoS,, the
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fabricated Enz-Ms-hydrogels can achieve synergistic bactericidal
effects. As shown in Figure 2A-e f, the near-infrared light (NIR)
irradiated and H,0, stimulated MoS,-hydrogel group showed
significant bacterial killing abilities. These conditions showed
the fastest wound healing promotion by eliminating bacteria
and reducing the risk of inflammation.

© 2020 Wiley-VCH GmbH
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Figure 2. A-a) Schematic illustration and b) bacteria-killing mechanism of MoS, based Enz-Ms-hydrogel. c) The transmission electron microscopy
(TEM) and d) scanning electron microscopy (SEM) images of the MoS, based Enz-Ms-hydrogel. e) Relative wound area and f) bacterial numbers of
different treatment groups. (*p < 0.05, **p < 0.01, ***p < 0.001). Reproduced with permission."% Copyright 2019, Wiley-VCH. B-a) Schematic illustra-

tion of Aloe-Emodin/carbon nanoparticle hybrid gels. NIR-induced b) short-term and c) long-term antibacterial activities of S. aureus. d) Photographs
of AE/PEG-HCNP hydrogels with NIR irradiation from 2 to 10 min. e) Electron paramagnetic resonance (EPR) spectra of hydroxyl radicals. (NIR power:
808 nm, 2.5 W cm™2). Reproduced with permission.[®!l Copyright 2018, American Chemical Society. C-a) Schematic illustration of A-ALG/CS hydrogel
and its gel-gel transportation of C-dots. b) Gelation time and c¢) SEM image of A-ALG/CS hydrogel. d) Images of live/dead cell viabilities in different
hydrogels. Reproduced with permission.®3 Copyright 2019, Wiley-VCH.
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Besides using Enz-Ms to kill bacteria directly, the introduc-
tion of antibacterial drugs can further deepen the antimicrobial
effects. Xi et al. designed a polymer hybrid hydrogel encapsu-
lated with natural antibiotic aloe-emodin and carbon nanoparti-
cles as a new wound dressing against severe skin infections.!3!
The hybrid hydrogel had two antimicrobial mechanisms: one
was the photothermal/ROS pathway triggered by NIR irradiated
carbon nanoparticles to release a large number of free radicals
and generate heat and high temperature; these effects initially
reduced the number of bacteria in a short time (Figure 2B-b—e).
The second mechanism was responsible for killing the
remaining bacteria by the drug released while turning off the
NIR source. Therefore, these two complementary mechanisms
together provided excellent long-term antimicrobial proper-
ties for various bacteria, including multidrug-resistant bac-
teria (Figure 2B-a). Moreover, in vivo studies of Staphylococcus
aureus-infected mice further indicated a promising wound
healing ability of this hybrid hydrogel upon NIR irradiation.

In addition to the antibacterial field, the porous hydrogels
also show potential applications in regulating pathological
microenvironments. Gao et al. recently synthesized a MnO,
NP-dotted hyaluronic acid hydrogel modified by a synthetic
peptide. The hydrogel enables the adhesive growth of mes-
enchymal stem cells; the MnO, NPs can alleviate the oxida-
tive environment to improve the cellular viability of stem cells
effectively. Through regulating the toxic microenvironment
by scavenging ROS, the MnO, NP-dotted hydrogel provides
a promising pathway for future stem cell-based therapies in
nervous spinal cord tissue regeneration.3?

Shaping the porous structure of the hydrogel system
offers an effective way to increase the contact between the
drugs and the lesion site. Furthermore, a “dynamic” smart
hydrogel system can also be realized by introducing revers-
ible chemical bonds. As a typical example of this, Chen
et al. reported a reversible self-repairing porous hydrogel
crosslinked by Schiff bases to overcome the diffusive trans-
port of drugs between gel-gel interfaces, named A-ALG/CS
hydrogel (Figure 2C-a,c).33 With a gelation time of only
47 s (Figure 2C-b), giving it an effective transport diffusion
of the loaded carbon nanodots. Benefited from these advan-
tages, the self-repairing gels loaded with carbon nanodots
have better ROS removal efficiency than ordinary gels via
using a cell inflammation model (Figure 2C-c), and also show
apparent inflammation relief effects.

Furthermore, smart hydrogel systems, including thermosen-
sitive, pH, amylase-responsive hydrogels, and so on,[*¥ can also
be used to serve as a versatile matrix to design hybrid Enz-Ms
for diverse biomedical applications, such as the localized cancer
treatment by injecting hydrogels,['** the oral administration of
diabetes using microgels,*®l and ROS-responsive polypeptide
gel to mediate the concentration of ROS in the tumor micro-
environment.') It is worth noting that except for acting as the
matrix of Enz-Ms, the hydrogel itself can also function as a kind
of biocatalyst or Enz-Ms since it contains abundant functional
groups that can be complexed with metal ions to form a pre-
cise 3D structure. For example, the catechol-Fe** coordination
hydrogel plays a “Fe-SOD/heme catalases” role to quench var-
ious extracellular ROS and promotes the dermal repair of the
burn wound.[38]

Adv. Funct. Mater. 2021, 31, 2007475
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3.2. Nanogel Decorated BF/Enz-Ms

Solid hydrogels are a strongly crosslinked network structure
with swelling properties in different solvents, including water,
buffer solutions, and biological fluids. To further improve
its biomedical adaptability, the introduction of microscopic
hydrogel gives additional biological properties and enriches its
application range.3>0 Nanogels, a kind of hydrogel nanopar-
ticles with a diameter of tens to hundreds of nanometers, are
considered to be a multifunctional and feasible platform for
biomedical applications, especially in the field of enzymatic
catalysis. The nanogel matrix protects the loaded enzymes or
biocatalytic nanomaterials from degradation and inactivation
and ensures higher cargo loadings and better transport capacity
to complete efficient catalysis.[#1-143]

Wu and his colleagues reported a core (iron oxide nano-
particles)—shell (self-assembled oligopeptides) nanostructured
supramolecular hybrid nanogel (SCNGs, Figure 3A-a), which
was designed to simulate the nonspecific cytotoxic activities
of neutrophil lysosomes via neutrophil-dependent cell inacti-
vation. By co-loading of SOD and chloroperoxidase (CPO) in
the nanogel, the conversation of ROS into hypochlorous acid
(HOCI) and the following singlet oxygen (*O ;) to destroy tumor
cells can be achieved by a cascade reaction. The production of
HOCI and '0, and their time dependence were confirmed by
EPR signals, fluorescence intensity test, and fluorescent images
(Figure 3A-b—d). Besides, pharmacodynamic tests at both cel-
lular and animal levels have demonstrated '0,-mediated tumor
cell/tissue prolongation inhibition, and this proves that this
enzymatic cascade reaction can still be considered effective
cancer treatment in the absence of energy activation.”!

In addition to treating tumors, hydrogels are also widely
used to promote healing in injured tissues. For wound
healing, the formation of functional new blood vessels is
crucial. However, for diabetic patients, the neovasculariza-
tion is usually defective, and the accumulation of ROS is
out of control in the diabetic microenvironment, resulting
in the difficulty of wound healing. To solve this problem,
Wu et al. proposed a special “seed and soil” strategy, which
reconstructed the wound microenvironment through cerium
oxide (CeO,) nanomaterials with redox regulation ability (the
“soil”) and wrapped angiogenesis promoted miRNA implants
as a “seed” in “self-protection” collagen hydrogel (PCN-miR/
Col) (Figure 3B-a—c). Benefiting from the high ROS clearance
ability, PCN-miR/Col can not only modify the poor wound
microenvironment but also protect the wrapped miRNA from
ROS-induced damage. Diabetic wounds treated by PCN-miR/
Col showed an apparent acceleration of wound closure and
improved wound healing quality (Figure 3B-d—f). There-
fore, PCN-miR/Col demonstrates the excellent potential to
improve the wound microenvironment and generates new
blood vessels with complete functions, providing a new and
reliable way for wound healing in diabetic patients.['”]

From the above sections, it can be found that both the
hydrogels and nanogels working as an ideal matrix not only
protect both enzymes and Enz-Ms but also act as reactors for
enzyme-catalyzed or enzyme-mimetic reactions to ensure effi-
cient radicals’ production. Furthermore, to further advance the
application ranges of the hydrogel-modified Enz-Ms, liquid or

© 2020 Wiley-VCH GmbH
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Figure 3. A-a) lllustration of the responsive enzyme dynamic therapy mechanism and scan transmission electron microscopy (STEM) image of SCNGs.
b) Characterization of the generation of 'O, and its time-dependence. c) Fluorescence intensity of the singlet oxygen sensor green (SOSG) with SCNGs
in PBS buffer (20 x 1073 m, pH 6.8). d) Histopathology analysis of ROS, '0,, HCIO in the hepatocellular carcinoma patient-derived xenograft tumor
tissue. Scale bar: 100 um. Reproduced with permission.”l Copyright 2019, Nature Publishing Group. B) Illustration of the a) PCN-miR/Col fabrication.
b) PCN-miR/Col-enabled strategy for functional angiogenesis and regenerative diabetic wound healing. c) TEM images of PCN-miR, SEM and CLSM
images of PCN-miR/Col, yellow circles represent PCN-miR, green dots represent Col and red dots represent antagomiR-26a. d,e) Images of wounds at
day 0, 4, and 10 of healing percentage of wound area (n =5). f) Confocal images of VEGF/CD31 double-stained sections and quantification of numbers.
Scale bar: 50 um. n = 4. f) Photoacoustic images and quantification for oxygenated hemoglobin. Scale bar: 1 mm, n = 3. *p < 0.05. Reproduced with
permission."”l Copyright 2019, American Chemical Society.

semisolid hydrogel can be introduced to extend the diversities 4, MOF Engineered BF / Enz-Ms

of the matrix. Meanwhile, the appropriate and sustainable

release of “killing factors” to achieve an excellent therapeutic =~ Due to their precisely designed molecular/atomic-level catalytic
effect also matters in many therapeutic systems. centers, high porosity, large surface area, high loading capacity,
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and homogeneous 2D/3D porous crystalline materials,* MOF
materials are emerging as one of the most promising materials
to design catalysts with rapid and significant developments in
the past ten years.’">01%-%] The application of MOF in BF/
Enz-Ms can be classified into three categories, one is MOF
itself serving as Enz-Ms, the other is MOF serving as a matrix
to load enzymes, and the third one is MOF serving as both a
matrix and also an Enz-Ms.[8]

As an example of MOF itself serves as an Enz-Ms, Liu and
co-workers reported a Cu-MOF with laccase-like activity by
using nucleotides as organic ligands with Cu as metal centers
(Figure 4A-a)."] They used guanosine 50-monophosphate
(GMP), adenosine 50-monophosphate (AMP), and cytidine
50-monophosphate (CMP) as organic ligands. They deter-
mined the irreplaceability of Cu, and when the ratio of Cu to
nucleotides was 3:4, Cu-MOF showed the highest laccase-like
activity. It turns out that guanosine coordination rather than
Cu-phosphate binding is behind the origin of this laccase-like
activity as depicted in Figure 4A-b. Compared with natural lac-
case, the Cu/GMP has higher stability even in extreme environ-
ments (such as the high salt, high temperature, extreme pH,
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etc.). The proposed biofunctional enzyme-mimics hold a prom-
ising application potential in biotechnology.

When utilizing MOFs to serve as a highly porous matrix, a
series of natural enzymes were immobilized into MOFs with
the help of hydrogen bonding, hydrophobic interaction, or
van der Waals forces.™® Moreover, regardless of their enzy-
matic activity, nanoparticles can also be encapsulated into the
MOF cavities.™ To take one example, Li et al. reported a Pt
nanoparticle encapsulated Zr-MOF network (Pt NP@UiO-
66-NH,) for detection and clearance of mercury(Il) species
with high sensitivity and efficiency, especially for Hg?" ions
(Figure 4B-a).l"? This system benefited from the UiO-66-NH,
matrix high stability in acidic solution as well as the peroxi-
dase-like activities of Pt nanoparticles. Although the peroxi-
dase-like activity of Pt NP@UiO-66-NH, was demonstrated by
3,3',5,5-tetramethylbenzidine (TMB) oxidization (Figure 4B-b),
when it came to the detection of mercury-based substances,
the competition between Hg?* and TMB for Pt nanoparticles
decreased its peroxidase-like activities. This particular property
allowed it to accurately distinguish and detect the presence
of Hg?* with a detection limit of 0.35 x 10 m (Figure 4B-c).
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Figure 4. A-a) lllustration of Cu-MOF. b) The biocatalytic reaction with Cu/GMP or laccase and UV-vis spectra of 2,4-DP and 4-AP, and their catalytic
product. Reproduced with permission.?l Copyright 2017, American Chemical Society. B-a) lllustration of Pt NP@UiO-66-NH, and its Hg?* capturing
ability. b) UV-vis spectra of different TMB oxidized groups and c) Hg?* after mixed with Pt NP@UiO-66-NH,. Reproduced with permission.l3 Copy-
right 2017, American Chemical Society. C) SEM images and schematic illustration of Fe;30, /MIL-101(Fe) about a) preparation procedures and b) the
mechanism of luminol chemiluminescence (CL). c) Kinetic spectra of luminol CL intensity. Luminol CL intensity of Fe;O,, MIL-101(Fe), and Fe;O,/
MIL-101(Fe) d) without additional oxidants and e) with H,0, or glucose. f) 'O, radical detection in different samples. Reproduced with permission.['*l
Copyright 2017, Elsevier Ltd.
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The unique octahedral structure of Pt NP@ Uio-66-NH, ena-
bles its high adsorption capacity for Hg?* that was successfully
exploited for efficient removal of Hg?" in water with an effi-
ciency of over 99%.

Besides the loading of peroxidase-like NPs, integrating
ROS-scavenging enzyme-mimetic NPs into the MOF matrix
is also very interesting. Qu et al. have developed a straight-
forward and effective protocol for synergetic neural regenera-
tion by integrating the antioxidative CeO, NPs and drugs into
MIL-100 simultaneously. This MOF-based nanohybrid exhibits
H,0,-responsive capability to release drugs in the lesion area to
enhance the targeted differentiation of neuron cells. Moreover,
the integrated CeO, endows the nanohybrids with efficient
SOD- and CAT-mimetic activities, which can eliminate the ROS
and circumvent the oxidative damage of the newly generated
neurons, resulting in a longer survival rate and significantly
improved neurite outgrowth. These rational-designed ROS-
scavenging NPs loaded enzyme-mimetic MOFs nanohybrids
exhibit promising application potential in promoting neuro-
genesis and enhancing the cognitive function in Alzheimer’s
disease.[’>3]

Moreover, for those MOFs working as both Enz-Ms and
matrix, a typical example is the Fe;O,/MIL-101(Fe) net-
work. Some researchers reported this kind of dual-function
MOFs.[5415] Like Tang et al. proposed an ultrasound-assisted
electrostatic ~ self-assembled ~ Fe;0,/MIL-101(Fe)  network
(Figure 4C-a),®® which was designed to directly catalyze
luminol chemiluminescence without additional oxidants. As
shown in Figure 4C-c—e, the catalytic activity of Fe;O,/MIL-
101(Fe) was not only 1000-fold stronger than luminol control
groups but also significantly stronger than individual Fe;O,4 or
MIL-101(Fe) groups. Also, the peroxidase activity of Fe;04/MIL-
101(Fe) was proved by the production of '0,, so it can be used
for ultrasensitive quantitative analysis of H,0, and glucose
with detection limits of 3.7 x 107 and 4.9 x 10~° M, respectively
(Figure 4C-f). These nanoparticles loaded MOFs demonstrated
the successful detection capabilities of glucose and H,0, in
human serum and medical disinfectants, thereby indicating
the application potential of using MOFs-derived BF/Enz-Ms as
ultrasensitive detectors for diverse biological fields.

Whether MOFs are used as matrixes or act as biocatalytic
mimics,™™ their highly controllable bioactivity makes MOFs-
based Enz-Ms have great potential for further application in
nanomedicines and regenerative therapies.'®>% To improve
their biocatalytic efficiency in the biological system, the priority
problem to be solved is the difference in optimal catalytic effi-
ciencies between the in vitro pH conditions and the physiological
pH environments.'® Based on this, the Qu group designed
a MOF-based hybrid nanocatalyst to realize the best catalytic
performance through cascade reactions.'® They chose ultrathin
2D MOF (Cu-TCPP (FE)) as the peroxidase model due to
its large surface area, which made it easier for the substrate
molecules to combine with the active site in a shorter diffu-
sion distance than 3D MOF (Figure 5A-a,b). After integrating
glucose oxidase (GOx), the H,0, and lower pH environments
are produced, thus activating the peroxidase activity of 2D Cu-
TCPP (Figure 5A-c). The hydroxyl radicals produced by catalysis
of H,0, via 2D Cu-TCPP also proved to have an excellent bac-
teria-killing ability with high biological safety (Figure 5A-d—f).
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In addition to generating ROS, Cu-TCPP can also play
a role in removing ROS through reasonable design and
matching. For example, Zhang et al. proposed bioinspired Cu-
TCPP MOF (CTMDs) nanodots to simulate the SOD enzyme
(Figure 5B-a).l'%2l These CTMDs have ultrasmall nanostruc-
tures and exhibit high SOD-like activities (Figure 5B-b—d), and
the strongest biocatalytic efficiency among all the other tested
Enz-Ms (Figure 5B-e-g). Surprisingly, the CTMDs also exhib-
ited glutathione peroxidase (GPx)-like activity (Figure 5B-h);
together with its SOD-like abilityy CTMDs can clear excess
H,0, and hydroxy radicals at the inflammation sites. The in
vitro tests have shown that it can reduce the relative levels of
IL-6 and TNF-« in RAW cells (Figure 5B-i), further confirming
its ROS scavenging abilities, and also proved to effectively and
safely alleviate acute kidney damage caused by lipopolysaccha-
ride (LPS) during endotoxemia.

5. MPNs Engineered BF/Enz-Ms

In addition to MOFs, metal-polyphenol based materials, espe-
cially the MPNs, also show the potential to serve as Enz-Ms to
mediate biomedical treatments. Caruso’s group reported the
first Fe3*-tannic acid coordination complex coating in 2013,113]
the MPNs had been recognized as easily prepared and multi-
functional platforms both for surface coatings and nanomedi-
cines.l'1%] Due to the unique composition of the MPNs, the
entire system owns the adhesion abilities of the polyamide or
catechol group in the polyphenol substance (phenolic or cat-
echolamine) and also owns the intrinsic catalytic properties of
the metal ions themselves.

However, recent studies based on MPNs were mostly using
MPNs as carriers or coatings for applications like the clearance
of free radicals by phenolic substances,'71%8 the characteristics
of metal ions themselves are less explored. After the reported of
the peroxidase activity of iron nanozymes, various metal ions,
including Ce, Mn, V, have also been reported to have free radi-
cals generating abilities via the Fenton-like reaction. Therefore,
this unique structure of MPNs also makes it possible to fully
utilize the catalytic properties of metal ion centers as Enz-Ms
and further expand its application in antitumor fields.

Chen’s group proposed a biocompatible MPN-based nano-
particle encapsulated with doxorubicin and platinum prodrug
to achieve the enhanced antitumor effects with the combination
of nanocatalytic therapy and chemotherapy (Figure GA-a).l'*]
The simultaneous presence of platinum along with Fe*'-
polyphenols allows the enzymatic cascade to occur in the
following order: first, DOX and platinum prodrugs generate O,
by activating nicotinamide adenine dinucleotide phosphate
oxidase (NOXs), and then convert to H,O, under the catalysis
of SOD-like activity of polyphenols. Finally, highly toxic «OH is
produced by the Fenton-like reaction of Fe** and significantly
enhance synergistic chemotherapy through a series of biolog-
ical reactions (Figure 6A-b,c). Besides, they also replaced the
DOX with the phagocytic myeloperoxidase (MPO) to obtain a
nanoparticle that can produce HOCI in a ROS cascade reaction
in situ to enhance the treatment effects of platinum drugs.'"!
These results indicate that the MPNs based BF/Enz-Ms could
act as efficient antitumor therapeutic nanoplatforms.
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Figure 5. A-a) Illustration of the 2D MOF/GOx hybrid nanocatalyst and its antibacterial mechanism. b) AFM image of 2D MOF nanosheets. c) Fluo-
rescence intensity of different samples in PBS buffer (pH = 7.4, 0.5 X 10 M) after 12 h. The concentrations of TA, glucose, and 2D MOF/GOx were
0.5%x 1073 M, 5x 1073 M, and 20 ug mL™, respectively. d) SEM images of S. aureus after treated with different groups. The survival rates of e) E. coli
and f) S. aureus treated with H,0, and glucose + 2D MOF/GOx at different concentrations (n = 3). Reproduced with permission.'®l Copyright 2019,
American Chemical Society. B-a) Schematic illustration of CTMDs. b,c) TEM images of Cu-TCPP nanosheets and CTMDs, inserted: the Tyndall effect of
CTMDs in water. d,e) AFM image and diameter of CTMDs. f,g) SOD-like activity of CTMDs and the comparison of SOD-like activity with other Enz-Ms.
h) GPx-like activity in the presence of Cu (3.5 mg mL™). i) CTMDs induced IL-6 and TNF-a relative quantity of RAW at 3 h with a series of concentra-
tions (mg mL™"). Reproduced with permission.®2 Copyright 2019, Royal Society of Chemistry.

Except for the use of chemotherapeutic agents to provide
H,0, via enzymatic cascade as a feedstock for the Fenton-
like reaction, the self-supplying H,0, can also be achieved by
encapsulating GOx with a suitable carrier and then coating the
MPNs. Therefore, Zhang et al. proposed an ATP-sensitive auto-
catalytic Fenton-like platform for chemodynamic therapy by
incorporating GOx in zeolitic imidazolate framework (ZIF) and
then coating with MPNs (GOx@ZIF@MPN) (Figure 6B-a).”"!
This system degrades the outer shell to Fe** and tannic acid
(TA) by overexpressing ATP in tumor cells, thereby producing
a large amount of H,0, by GOx and endogenous glucose, while
TA can reduce Fe3* to Fe?, followed by Fe?" catalysis of H,0,
to generate highly toxic «OH and Fe?", and Fe*" can be reduced

Adv. Funct. Mater. 2021, 31, 2007475 2007475

to Fe2" under the assistance of TA. Thus, as a result, accelerated
Fe(III)/Fe(II) cycle conversion and «OH generation are achieved
(Figure 6B-b,c), further enhancing the efficacy of Fenton-like
reaction mediated therapeutic activities (Figure 6B-d,e).

In the above-mentioned BF/Enz-Ms-based cascade system,
the MOFs were proved to show great advantages for cargo
storage and protection due to their higher inner space. Another
example of this is the construction of p53 plasmid-encapsulated
MOF network (MON-p53), which has endowed oxidative
stress regulation and Fenton-like reaction to clear tumor cells
by ferroptosis/apoptosis hybrid pathway (Figure 6C-a).l”!
Figure 6C-b,c confirmed the structure of MON-p53 and MON-
p53 mediated ferroptosis. Besides, the Fe?"/Fe’" in the MOF

(10 of 29) © 2020 Wiley-VCH GmbH
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Figure 6. A-a) Illustration of the DPPF NPs. b) ROS generation and DOX release from DPPF NPs in U87MG cells at 3 and 8 h. c) Relative tumor volume
changes of DPPF NPs, free DOX, free cisplatin, free drug combination, and control group. Reproduced with permission.®l Copyright 2018, Wiley-VCH.
B-a) lllustration and mechanism of GOXx@ZIF@MPN nanoparticle. b) +OH detection of GOx@ZIF@MPN in the presence and absence of ATP. c) Fe**
release from GOx@ZIF@MPN at different ATP concentrations. d) Cell viability of different incubated 4T1 cells in the presence of glucose. €) Relative
tumor volume changes of ZIF@MPN, GOx@ ZIF, GOx@ ZIF@MPN, and PBS group. Reproduced with permission.l”% Copyright 2018, American
Chemical Society. C-a) Schematic illustration of MON-p53 and its antitumor mechanism. b,c) TEM images of MON-p53 and MON-p53 mediated fer-
roptosis (p53 concentration: 2 lg mL™). d,e) Survival rate and relative tumor volume changes of PBS, PFI/p53, Era, MON-p53, and MONP. **p < 0.01,

Sesese

#¥kp < 0.001. Reproduced with permission.l"”!l Copyright 2017, American Chemical Society.

matrix can further enhance MON-p53-induced ferroptosis com-
pared with other metal ions. What's more, the MON-p53 not
only significantly inhibited tumor growth in up to 75 days of in
vivo antitumor experiments but effectively prevented the metas-
tasis of tumors into the lungs, liver, and blood (Figure 6C-d,e).
These results, therefore, demonstrated that these MPN-based
Enz-Ms with ferroptosis/apoptosis-mediated cancer death abili-
ties provide a new illustration of effective cancer treatment.

6. COF Engineered BF/Enz-Ms

As a supplement to the porous organic polymer networks
(POPs), the COFs exhibited not only high porosity, chemical
adjustability, and long-term stability compared with MOFs or
MPNs in both aqueous or organic environments.'7? Key fea-
tures such as porosity and crystallinity are essential factors
for the immobilization capabilities of natural enzymes; what’s
more, by introducing suitable metals into COFs, the metal-COF
complex structure can also be recognized as enzymatic mimics.
For instance, porphyrins have cytochrome-like properties;

Adv. Funct. Mater. 2021, 31, 2007475
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however, the porphyrin ring can be easily oxidized and degraded
into peroxo-bridged dimers, which make it rapidly deactivated
and limit the biocatalytic action of the metalloporphyrin.l”?!
Therefore, the formation of porphyrin-COFs by imine/ borate
condensation reactions can not only avoid these disadvantages
but also enhance their enzyme-like activity. Some reports show
that iron porphyrin-COFs have excellent peroxidase-like activity
and can be applied for H,0, and glucose detection with sensi-
tivities of 6.5 X 107 m and 3 um, respectively. 1] Besides, Wu
and co-workers reported an iron-porphyrin-based nanocapsule
(Fe-TPyP NCs) with multiple peroxidase-like catalytic centers
and a 1.0 £ 0.1 nm thickness shell.'”¥ Owing to its hollow struc-
ture, this nanocapsule allowed the detection of glucose at con-
centrations as low as 0.098 uM.

In addition to detecting H,0, and glucose, iron porphyrin-
COFs can also be used for colorimetric immunoassay of pro-
teins. As shown in Figure 7A-a, Deng et al. reported a pyramidal
iron porphyrin-COF (FePor-TFPA-COP), thanks to its porous
stereo-structure, large surface area, and multiple surface catalytic
centers, which gave it high catalytic activity.""” This system was
successfully applied to the enzyme-linked immunosorbent assay

© 2020 Wiley-VCH GmbH
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Figure 7. A-a) Schematic illustration of FePor-TFPA-COP and its ELISA based detection. b) The specificity of the immunoassay against different kinds
of proteins. c) The concentration-relied catalytic activity of FePor-TFPA-COP and HRP. Reproduced with permission."Z Copyright 2017, American
Chemical Society. B-a) Schematic illustration of the Au-COF ELISA. b) Changes of 4-NTP’s SERS spectra of ALG from 1x 107 to 1 x 10° ng mL™.
c) Crossreactivity of the developed Au-COF ELISA with different proteins. Reproduced with permission.l">] Copyright 2019, American Chemical Society.
C-a) Preparation of the CCTF. b) Adsorption spectra of different catalytic colorimetric reactions. Reproduced with permission.[7¢ Copyright 2017, Wiley-
VCH. D: a) Schematic illustration of the sarcosine detection principles. UV-vis absorption spectra of b,c) sarcosine, d) ochratoxin A, and e) fluoride
ions. Reproduced with permission.™ Copyright 2018, Royal Society of Chemistry.

(ELISA) detection of cralpha-fetoprotein (AFP) with a linear
response range of 5 pg mL™! to 100 ng mL™, a detection limit
of 1 pg mL™,, and showed excellent stability and reproducibility
(Figure 7A-b,c). Therefore, iron porphyrin-COFs have the poten-
tial to be highly sensitive and stable bionic catalysts, and further
research on their practical applications will also be promoted.

Adv. Funct. Mater. 2021, 31, 2007475
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The COF-based ELISA is not limited to iron porphyrin-COFs.
Su et al. reported an Au-doped COF system (Au-COF) for ELISA
based allergen protein detection (Figure 7B-a).””! They found
that Au-COF can convert 4-nitro-thiophenol (4-NTP) into to
4-amino-thiophenol (4-ATP), while 4-ATP can efficiently bind to
gold nanostars via Au—S bond and electrostatic force to become
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a Raman “hot spot.” Therefore, in the surface-enhanced Raman
scattering (SERS) detection, the 4-NTP signal (1573 cm™) will drop,
and the 4-ATP will generate a new signal (1591 cm™). The Au-COF
ELISA developed by detecting the ratio between the two signals
(I1501/ I1573) has high-precision detection capability with a detection
limit of 0.01 ng mL™! of numbers of allergens (Figure 7B-b,c).

In addition to the porphyrin-based COFs, another category of
COF-based materials that have also been reported to have per-
oxidase activity in recent years is covalent triazine frameworks
(CTFs). CTFs are mimics of peroxidase and oxidase enzymes and
capable of catalytic oxidation of chromogenic substrates whether
there is H,0, or not!¥l Besides, Xiong’s group reported a
Cu-doped CTF structure (CCTF) with robust peroxidase activity
against TMB (Figure 7C-a,b).’%l Benefiting from the uniform
dispersion of Cu?* on the surface of CTF, the tunability of the Cu
amounts, and the electron-related properties brought by Cu?',
CCTF exhibited photoassisted activity as well as high stability
and high catalytic properties, and the catalytic ability increases
with the increase of Cu?*. CCTF had been successfully used for
the detection and decomposition of H,0, and organic pollutants,
which proved that the modification of Cu doping with CTF is an
effective method to endow CTF with enzyme-like catalytic activity.
Although CCTF is a very attractive new catalytic material, its
further applications might be limited because of copper-induced
toxicity and large sizes. To improve these shortcomings, the same
group proposed a 2D CTF nanosheet using Fe-N as the active
center to simulate peroxidase activity (2D-Fe CTF)." This 2D
CTF nanosheet has a larger surface area, better dispersibility, and
higher substrate affinity. With the combination of Fe-N atoms,
it can provide better catalytic activity than native enzymes
and most of the other peroxidase analogs, such as the colori-
metric detection of sarcosine, ochratoxin A, and fluoride ions
(Figure 7D-a—e). In summary, a variety of COFs and CTFs have
been used as BF/Enz-Ms in biosensors, and it is expected that
they can also be applied to tumor therapy and other therapeutic
aspects if the sizes and morphologies could be well-controlled.

7. Cell-Membrane Decorated/Meditated
BF/Enz-Ms

Besides, to utilize polymers or biomacromolecules to modify
nanocatalytic Enz-Ms to provide better biological properties,
another effective method is to encapsulate the Enz-Ms with
functional cell membranes and their derivatives.”/l The cell
membrane extracted by an appropriate method can completely
preserve all the complex structures such as lipids, proteins, and
carbohydrates; and thus, the membrane-coated materials can
possess diverse characteristics and specific biological features
exhibited by the cells. Therefore, these cell-mimetic nanosys-
tems have great potential for detoxification, immunomodula-
tion, biological detection, imaging, antitumor, antibacterial, and
many other applications.[77-18%

7.1. Monocytes/Macrophages Meditated BF/Enz-Ms

Owing to the existence of the blood-brain barrier (BBB), the
effective treatment of brain-related diseases is an urgent
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problem to be solved. Neurodegeneration, such as Alzhei-
mer’s disease and Parkinson’s disease (PD), share many physi-
ological and biochemical characteristics despite their different
manifestations, in which the neuroinflammation caused by the
activation of immune cells in the central nervous system is a
typical common feature.'8! Besides, BBB is decomposed to
increase the margin and blood vessels’ extravasation during the
inflammation process, so that leukocytes can pass through the
endothelial cell wall and enter the brain.'8% Thus, their abilities
to cross the BBB make them ideal cell carriers for drug delivery
to the brain.[183184

Some studies have utilized the above-described patholog-
ical properties to design cell-based drug delivery systems. As
a very typical example, macrophages are used to deliver gold
nanoshells to the brain to treat glioma efficiently.®! Besides
taking advantage of enzymes’ abilities to alleviate the progres-
sion of neurodegenerative diseases, the delivery of enzymes/
nanozymes to the neural lesions are also viable solutions.

As a representative example, Batrakova’s group established
a series of platforms using bone-marrow-derived monocytes
(BMM) as carriers to deliver Enz-Ms for PD treatment. [18¢-193]
In their studies, they designed various nanoscale enzyme-
complexes formed by the assembly of carriers with natural
enzymes. By mixing CAT with cationic polymers, the cata-
lytic abilities of CAT can be retained to the greatest extent.
They found that this kind of cationic polymers functional-
ized Enz-Ms can be transported from macrophages through
short-term contact between cells or the prolonged formation
of pseudopods (filamentous and flaky) to brain microvascular
endothelial cells, neurons, and astrocytes efficiently. In
the subsequent PD mouse model, they revealed the four
possible mechanisms of BMM-mediated therapeutic effects of
catalase Enz-Ms in the PD mouse model.®%1% Except for
explaining the possible mechanisms, they also designed a
layer-by-layer structure for high CAT loading and protected the
enzyme from degradation.

7.2. Tumor Cell Membrane Coated BF/Enz-Ms

Besides macrophages, tumor cell membranes also have been
widely used in cell-mimetic nanosystems. Nanoparticles
functionalized with cancer cell membranes own the ability of
homotypic targeting, which in turn facilitates internalization
by tumor cells because of its self-recognition property and
thereby allowing self-targeted delivery of different cargo to the
tumor tissue.171 Because of this, nanoparticles masquer-
aded with cancer cell membranes can be widely used in anti-
cancer therapies.?>1%1%] For example, Li et al. utilized this
characteristic by coating the tumor cell membrane on pho-
tosensitive MnO,-coated porphyrin Zr-MOF (Figure 8B-a,b),
which was loaded with vascular endothelial growth factor
receptor 2 and Apatinib, the whole BF/Enz-Ms were named
as aMMTm. They also prepared liposome, a HUVEC mem-
brane, and membrane of mouse pancreatic cancer cell line
coated nanoparticles. By comparing the in vivo distribu-
tion and antitumor effects of these four nanoparticles, it is
aMMTm showed the most significant tumor targeting and
tumor-killing abilities (Figure 8).11%4
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In addition to chemotherapy drugs, the combination of
multiple therapies is also a reasonable means of cancer treat-
ment. It is known that cancer starvation therapy is a very effec-
tive treatment by inhibiting tumor growth and proliferation.
While photodynamic therapy (PDT) produces ROS in situ, thus
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6, *p < 0.05,

leading to apoptosis or necrosis of tumor cells; or destroying
the microvascular circulatory system in tumor tissue, which
finally will result in tumor failure as a consequence of hypoxia
or nutrient deficiency. Based on this, cascade bioreactors with
the combination of cancer starvation and PDT treatments have
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been synthesized, such as by coating cancer cell membranes on
the GOx and CAT integrated porphyrin MOF (PCN-224), or on
the photosensitizers chlorin e6 (Ce6) and GOx coloaded hollow
mesoporous  silica.l?>2% Both nanocascade Dbioreactors sig-
nificantly enhanced the production of cytotoxic 'O, under light
irradiation. Meanwhile, the cancer cell membrane imparted the
biological characteristics of homologous adhesion and immune
escape to these BF/Enz-Ms. Therefore, they all exhibited ampli-
fying treatment effects when against cancers, indicating the
excellent potential for using in future cancer treatments.

Besides the combination of PDT, there is huge interest to
integrate biotherapeutic agents with the MOF nanosystems, for
instance the recent Nobel Prize-awarded technology, clustered
regularly interspaced short palindromic repeats (CRISPR)-
associated 9 (Cas9) system. Khashab reported a kind of nano-
biohybrid agent via using human breast adenocarcinoma cell
membrane coated CRISPR/Cas9-encapsulated ZIF-8.2°U Both
the in vitro and in vivo tests demonstrate that this tumor cell
membrane coated nano-biohybrid agent exhibit better high cell-
targeting ability and better genome editing efficiency, which
will inspire future combination of enzyme-mimetic nanoagents
with biotherapeutic agents to match the rapidly increased needs
for cell-specific targeting treatments.

7.3. Red Blood Cell Membrane Camouflaged BF/Enz-Ms

In addition to effectively delivering drugs to the lesion site,
the retention time of the nanomedicine in the blood circula-
tion also matters. The immune system, however, can recognize
foreign objects. Therefore the traditional nanomedicines are
rapidly cleared from the bloodstream by immune cells.951%]
To extend the blood circulation time of nanomedicine, those
biomaterials that naturally have a long blood half-life are intro-
duced. Red blood cells (RBCs) express the immunoregulatory
marker CD47 on their cell membranes; this transmembrane
protein can bind to the inhibitory receptor signaling protein ¢,
emitting a “do not eat me” signal, inhibiting the phagocytosis
of RBCs by immune cells.19>1%.19] Therefore, the use of RBCs
membrane to camouflage nanoparticles can be used as a bio-
mimetic strategy to prolong the half-life of blood circulation for
achieving effective tumor targeting.[202-204

For instance, it was reported that RBCs membrane coated
MnO, nanoparticles, which were loaded with GOx and BSA-
Ce6, namely rMGB, showed the ability of self-supplying H" and
accelerating O, generation (Figure 9A-a).2%! tMGB produces O,
at the tumor site by catalyzing endogenous H,0, and H*, and
GOx can utilize O, to consume glucose for cancer starvation
treatment. A large amount of H* is produced in the process,
which helps to accelerate the O, production of MnO, further,
thereby reducing tumor hypoxia and enhancing PDT efficacy
(Figure 9A-b—d). Besides, the coating of the RBCs membrane
allows rMGB to achieve not only long-circulation effects and
sufficient tumor accumulation, but also to avoid systemic tox-
icity caused by GOx and MnO,.

In addition to using RBCs membrane-encapsulating Enz-Ms
alone, the construction of complex biomimetic nanostructures
through erythrocyte membranes is also a means of achieving ver-
satile integration. Nie and colleagues reported an “exosome-like”
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BF/Enz-Ms, 2% which was a folic acid-conjugated, RBCs mem-
brane coated graphene quantum dot Enz-Ms/2, 2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) ABTS nanopar-
ticle (FA-RM: GQDzyme/ABTS) (Figure 9B-a). The FA-RM:
GQDzyme/ABTS proved to be bilayer structured nanoparticles
with characteristic absorption peaks at 808 nm (Figure 9B-b)
and peroxidase activity (Figure 9B-c). This GQDzyme also is a
potential candidate for photoacoustic (PA) imaging because in
vitro imaging showed that the ultrasound signal at the tumor
was 10 times stronger than its counterpart after 8 h of injec-
tion (Figure 9B-d). This BF/Enz-Ms systems also exhibited
excellent biocompatibility, enhanced cycle time, and improved
tumor accumulation in CNE-2 cells (Figure 9B-e). Therefore,
it showed the potential to be exploited as a photoacoustic con-
trast agent for noninvasive nasopharyngeal carcinoma and
other types of tumors. Furthermore, some reports proved that
Enz-Ms modified by RBCs could be used in carbon monoxide-
based gas therapy or sonodynamic therapy,?% illustrating the
broad applicability of RBCs modifications.

7.4. Cell-Membrane Analogs Meditated BF/Enz-Ms

Liposomes, as analogs of cell membranes, are bilayer hollow
vesicles composed of phospholipids with high stability,
high biocompatibility, nonimmunogenicity, and biodegrada-
bility.292%8] These unique structures enable them to encap-
sulate hydrophobic and hydrophilic drugs simultaneously,
making them attractive drug/Enz-Ms delivery vehicles.209210]
For example, Liu group reported liposomal-based nanoparticles
for overcoming tumor hypoxia (Figure 10A-a),? the ability of
CAT@liposome and H,0,@liposome to produce O, is dem-
onstrated by staining tissue sections of the tumor, they also
induced significant PA imaging signals in the tumor tissue,
and the significant increase in oxygenation (Figure 10A-b,c.e).
The combination of CAT@liposome and H,0,@liposome can
significantly improve the therapeutic effect of radiotherapy and
provided better biocompatibility and limited toxic side effects
(Figure 10A-d). Also, liposomes were reported to functionalize
the SOD1-PG-PLLs, loaded Enz-Ms to treat noninfectious cor-
neal ulcers.!2 The obtained results show that this kind of
system can reduce the average eye ulcer from 18.2 + 15.1% to
10.0 £ 15.0%.[212:213]

Another attractive liposomal-like structure is the exosome, a
kind of cellular secretory vesicle. The difference between lipo-
some and exosome is the characteristic array of membrane pro-
teins such as tetraspanins on the surface of exosome that endow
the immunocompatible ability absent in liposomes.212L]
Thus, exosome-based nanocarriers can escape from the clear-
ance of mononuclear phagocytic systems and function as an
“invisibility cloak” to increase the drug transport to the brain.
The antioxidant enzyme levels in PD patients are rather low,
and natural enzymes, like CAT and SOD, can help to reduce
oxidative stress and inhibit neurodegeneration. However,
the delivery of CAT across the BBB is a tough challenge, but
the use of macrophage secreted exosomes seems a promising
solution for delivery in PD therapy. Therefore, Batrakova et al.
provided a CAT delivered exosome-based system (exoCAT),l?¢!
they studied the difference of various preparation methods of
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exoCAT on the loading, release, and uptake of CAT, as well as
their morphologies (Figure 10B-a—e). They also found that this
exoCAT was widely distributed in the brain, proving the BBB
across the abilities of exosomes and its cargo transportation
ability (Figure 10B-f). Furthermore, the exoCAT injected PD
mouse group significantly decreased microglial activation, indi-
cating significant antiinflammatory and neuroprotective effects.

From the above section, we thoroughly discussed the dif-
ferent types of cell membranes and their analogs for Enz-Ms
functionalization. Each type of the source cells owns specific
biological properties, such as the inflammation homing of mac-
rophages, prolonged blood circulation halflife time of RBC,
when compared between these materials for their applicability
in Enz-Ms delivery, it becomes evident that these source cells
are somehow complementary since the most prominent fea-
tures of each one do not always overlap. Therefore, researchers
began to think about simultaneously coating different mem-
brane components on nanomaterials and finally found that this
idea is achievable. It was shown that the combination of RBC/
platelets, RBC/tumor cells, as well as liposomes/exosomes,
could be used in nanoparticles’ camouflaging.?-2%1 There-
fore, the hybrid membrane can also be used to modify Enz-Ms,
and the multifunctional hybrid complexes are expected to
effectively treat diseases, such as tumors, neurodegenerative
diseases, bacterial infections, and inflammation.

8. Surface-Decoration of Enz-Ms by Functional
Polymers and Biopolymers

Synthetic polymers, such as polyethylene glycol (PEG),?2% poly-
caprolactones,?2!l dextrans,?2 chitosan,?23 hyperbranched poly-
glycerol 224221 polyethyleneimine (PEI),??°! and amphiphilic
lipid-PEG,1??") are typically organic polymers used in inorganic
nanoparticles surface-modifications via “grafting to” method or
“grafting from” method.[?2$-233] Besides, series of macromolecules
(such as DNA,1?* proteins!?*>23)) can also be anchored onto the
surface of Enz-Ms via electrostatic adsorption, hydrophobic inter-
action, hydrogen bond formation, and molecular coordination.
One could suppose that the regulation effects of macromolecular
and the catalytic effects of Enz-Ms are interdependent. On the
one hand, the modification of Enz-Ms by functional polymers or
biopolymers can improve the biological properties, such as better
biocompatibility, targeting effects, and prolonged blood circula-
tion time.[?322%] On the other hand, the catalytic performances of
Enz-Ms would be influenced by the thickness of the coating and
the steric hindrance of macromolecules.’"

8.1. Synthetic Polymers Decorated BF/Enz-Ms

One of the characteristics of surface modifications is that the
surface coatings affect the size and catalytic performance of the
Enz-Ms. For example, as shown in Figure 11A-a, Perez et al.
found that a thinner and more permeable poly(acrylic acid)-
coating of nanoceria showed a significant increase in catalytic
activity and kinetics against TMB and ABTS than those with
thicker coatings, which indicates that the polymer coating
thickness is vital when oxidizing the substrate.’3l Meanwhile,
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this kind of surface-modified nanoceria is expected to be a
more robust and reliable TMB-based immunoassay than the
traditional ELISA (horseradish peroxidase-based) as no extra
enzyme or H,0, would be needed for detection (Figure 11A-b).
Recently, Gao et al. found that the enzyme-mimetic activity of
the polymers modified nanoparticles decreased compared to
that of the bare nanoparticles since the catalytic activity of the
Enz-Ms is closely related to its size. In contrast, the polymer
modification usually causes a larger size and a blocking effect,
whether with PEG or dextran modification.?l

While the coating of the polymer can result in a partial reduc-
tion in catalytic activity, the polymer can also modulate the type
of native enzyme-mimetic exhibited by the nanoparticles. Lin
and co-workers reported that in physiological conditions, amine-
terminated poly(amidoamine) dendrimer-entrapped gold nano-
clusters (AuNCs-NH,) maintained the CAT-like activities but no
longer peroxidase analogs,°¥ and its CAT-like activity was not
affected by different intracellular pH conditions (Figure 11B-b).
When depleting H,0,, it showed significantly better results than
AuNCs-OH attributed to larger hydrophilicity. It was also found
that 3°-amines played leading roles in regulating the catalytic
activity; therefore, as long as the main tertiary amines (3°-amines)
of the dendrimer were blocked to form quaternary ammonium
ions (4°-amines), the peroxidase activity of the methylated AuNC-
NH, can be significantly restored. This kind of characteristic
shows an excellent possibility for protecting primary neuronal
cells against oxidative stress-induced damage (Figure 11B-a,c).

It is known that different pH conditions influence the enzyme-
like abilities of bare Enz-Ms; for instance, the iron oxide performs
oxidase-mimics under neutral conditions and peroxidase-mimics
under acidic conditions,?*¥ besides, gold nanoparticles only
exhibit peroxidase activity under neutral conditions.??3% There-
fore, it is necessary to regulate and stabilize enzyme-mimetic
activity under a wide range of pH conditions. For example,
Malinowska et al. found that Au nanoparticles stabilized with low
molecular weight hyperbranched polyglycerol and its maleic acid
residues derivative maintained peroxidase activity under a wide
range of pH conditions, which may benefit from the effect that
the charge of polymeric ligands on the activity of different types
of substrates (anionic or cationic) is negligible./>*)

In addition to the regulation and stabilization of catalytic prop-
erties, polymer-modified Enz-Ms can also be applied in the anti-
tumor and antibacterial applications.?-2*] For example, Zhao
et al. prepared PEG-modified MoS, nanoflowers (PEG-MoS,
NFs), wherein the introduction of PEG imparted high biocom-
patibility and water solubility to the nanoparticles and prevented
its aggregation in biofluids. Besides, due to the peroxidase-like
and photothermal conversion activities of MoS,, the system can
achieve rapid and effective bacterial killing (including Gram-
positive and Gram-negative bacteria) under the synergistic anti-
bacterial effect of a large amount of «OH, high temperature and
accelerated the oxidation of glutathione caused by high tempera-
ture, thereby promoting wound healing [+/24]

8.2. Biopolymers Decorated BF /Enz-Ms
Along with synthetic polymer modification, biopolymers modi-

fied nanoparticles also regulate their biological and catalytic
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C-a) Schematic illustration of the proposed colorimetric biosensors. b-d) Absorbance responses of S. mutans against three biosensors. e—g) The
absorbance changes of S. mutans, L. acidophilus, P. gingivalis, F. nucleatum (10° CFU mL ") against three biosensors. Reproduced with permission.[2%]
Copyright 2019, American Chemical Society. D-a) A scheme of M-HFn nanoparticle. b) Western blot of TfR1 expression in HT-29, SMMC-7721, and
MX-1 cells. c) Western blot of TfR1 immunoprecipitation by mouse anti-HFn mAbs and visualized with HRP-coupled antimouse IgG. Reproduced with

permission.?*% Copyright 2012, Nature Publishing Group.

activities.?*l Tt has been reported that Au NPs modified with
DNA have a GOx-like catalytic activity of 25-75% lower than
that of unmodified ones;**! however, some reports also showed
that DNA-coating could improve the peroxidase activities of Au
and Fe;0, nanoparticles attributed to an enhanced electrostatic
attraction and aromatic stacking with the substrate TMB.[3>33.248]
Except for the meditation of enzymatic performance, biopolymers
modified Enz-Ms also have broad biological applications, for
instance, in biosensors. Zhang et al. proposed a DNA-engineered
Enz-Ms,?*! based on the use of DNA as a molecular recognition
bond and adhesion substrates to functionalize Enz-Ms. Therefore,
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it can rapidly, label-freely, and sensitively detect Streptococcus
mutans by making the surface of Enz-Ms more approachable for
bacteria via a colorimetric method, reaching a detection limit of
12 CFU mL™ (Figure 11C-a—d). Moreover, they also confirmed
that it could identify dental bacteria in saliva samples, as well
as excellent ability to distinguish from other dental bacteria
(Figure 11C-e-g), thus indicating the clinical possibilities for pre-
vention and diagnosis of dental diseases.

Furthermore, Yan and Liang’s group synthesized magneto-
ferritin-functionalized nanoparticles (M-HFn) as novel reagents
for selftargeting and visualizing tumor tissue.?>% They used
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recombinant human heavy-chain ferritin (HFn) to modify
iron oxide nanoparticles to form nanocages (Figure 11D-a).
Moreover, the HFn overexpressed transferrin receptor 1 pro-
tein has a very high affinity for tumor cells and thus can be
actively targeted to tumor sites (Figure 11D-b—c). Besides,
the peroxidase-like activity of iron oxide nanoparticles can cata-
lyze the substrates and produce colored products for visualization
of tumor tissue. By examining 474 clinical specimens (247 tumor
tissue samples and 227 control samples) from 9 types of cancer,
they confirmed that it could identify cancer cells from normal
cells with a sensitivity of 98% and a specificity of 95%.5)

8.3. Surface-Decorated BF/Enz-Ms as Biotherapeutic Agents

In the two sections above, we discussed the design of func-
tional molecular-modified BF/Enz-Ms with different properties
and their applications as biosensors and protectants. Likewise,
using them as biotherapeutic agents is also an ideal choice. For
example, Zhang et al. designed a nanosystem that actively tar-
gets tumors by coencapsulating GOD, MnO,, and glycoprotein
CD44 targeted folate (Figure 12A-a,b).?>!l The catalytic oxidation
of glucose to H,0, through GOD, which also consumes O,, is
concentration-dependent (Figure 12A-c). However, at the same
time, MnO, can further react with H,0, to produce O, and alle-
viate the rapid consumption of glucose (Figure 12A-d), thus real-
izing the starvation therapy of tumors. Furthermore, the mass
ratio of MnO, to GOD at O, equilibrium was determined to be
50:1 in a simulated tumor microenvironment (Figure 12A-e).
At this ratio, although under hypoxia, the designed BF/Enz-Ms
revealed excellent in vivo antitumor effects (Figure 12A-f).

In addition to the starvation treatment of tumors, the Enz-Ms
with O, generation ability can also overcome the hypoxic environ-
ment in the deep part of tumors and enhance the PDT effects
under NIR irradiation. Therefore, Zhu et al. designed a shell-
core nanosheet, named as SPN-M1, by encapsulating MnO, with
semiconductor polymer nanoparticles (SPN) (Figure 12B-a—c).>>%
Figure 12B-d shows that the SPN-M1 can produce 'O, through
a series of transformations under the weak acidic condition of
hypoxia, and its 'O, production capacity is 3.8 times higher than
that of SPN-0 without MnO, coating, while its photothermal
effect is relatively weak (Figure 12B-e). In vivo antitumor experi-
ments show that SPN-M1 in the PDT group has a significant
inhibitory effect on tumor growth during the 15-day treatment
(Figure 12B-f), making it possible for clinical application.

Overall, the introduction of synthetic polymers or biopolymers
in the modification of Enz-Ms not only regulates the catalytic per-
formance but also ensures the foundations for biological appli-
cations. Furthermore, multifunctional molecules may also be
applied to modify Enz-Ms and provide better treatment efficien-
cies on bacterial disinfection/anticancer/antiinflammation.

9. Functional Molecules/Enz-Ms-Derived
Nanocomposites

Nanocomposites generally refer to the addition of nanoparticles
to a matrix material to improve the specific properties of the
composites. Conventional nanocomposites are mostly based
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on ceramic/metal/magnetic/polymer and can be used in the
fields of electrochemistry, sensors, and biological therapy.l?>’l
For functional molecules/Enz-Ms-derived nanocomposites, it
provides unique chemical compositions and nanostructures
for diverse advanced biological applications, for instance, the
metal-organic complex-based hybridized BF/Enz-Ms exhibit
easy fabrication and excellent bioactivity. Recently, Hao et al.
reported a seed growth method for polymer shells coordinated
by nucleotides using Fe** as a metal-core and successfully
formed a biofunctional shell (Figure 13A-a).?> This polymer
shell has a stable and high loading capacity for varieties of
guest molecules, including proteins, DNA, and gold nanopar-
ticles (Figure 13A-b,c). Besides, Fe-based peroxidase activity has
been retained to serve as a glucose biosensor with a detection
limit of 1.4 x 107 M (Figure 13A-d,e).

Due to the lack of sufficient methods, constructing multiple
enzymatic centers on large proteins remains a long-standing
problem to be solved. With the help of artificial enzyme
mimics, like Enz-Ms, it is possible to achieve the multienzy-
matic centers on protein. For example, Liu's group reported
constructing hybridized Enz-Ms by self-assembling the GPx on
the protein monomers of the tobacco mosaic virus.*>! Since the
GSH-dependent antioxidant activity of GPx enzyme, the con-
structed GPx-loaded Enz-Ms not only avoid the toxic and side
effects caused by the conventional GPx simulated selenium-
containing organic molecules but also has high recognition and
catalytic abilities to eliminate ROS. These characteristics result
in the protection of intracellular components against harmful
processes such the oxidative damage to mitochondria.

Based on the above research, the same group further utilized
self-assembled cyclic protein SeSP1 and dendrimer polymeric
nanoparticle MnPD5 with GPx and SOD activities, respec-
tively, to construct the soft antioxidant composite nanowire
(Figure 13B-a—).?>®) The TEM image confirmed the nano-
wire structure, making the alternate arrangements of the two
enzymes visible (Figure 13B-d). The SP1-PG5 nanocomposites
showed excellent enzymatic activity (Figure 13B-e), which can
be used to clear over-expressed ROS in the body to avoid oxida-
tive damage and hopefully to be applied in cardiovascular and
neurodegenerative diseases.

As an essential component of Enz-Cat, the inorganic or
metallic material was also assembled onto functional mole-
cular matrices by physical or chemical methods, which can
increase the bioavailability and improve the therapeutic effect
of various diseases, such as cancer treatment and bacterial
disinfection.[??8253] The proliferation of cancer cells requires
their mitochondria to be much more active than healthy tis-
sues. Hence, changes in the redox homeostasis of cancer cells
result in high levels of ROS and antioxidants, such as glu-
tathione (GSH).2-2 By consuming GSH to break the bal-
ance of ROS and antioxidants, thus enabling the accumulation
of abundant ROS in tumor tissues, thereby triggering apoptosis
and killing cancer cells. For efficiently and rapidly consume
GSH in mitochondria, Gong et al. proposed a feasible solu-
tion by supporting gold CAT-g with carbon dots to significantly
improve the selectivity of the biochemical reaction between
gold and GSH. Then, triphenylphosphine (TPP) and cinna-
maldehyde (CA) are further modified on the surface to obtain
MitoCAT-g (Figure 14a).?%l Upon reaching the mitochondria,
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Figure 12. A-a) lllustration of the MnO, nanocatalytic effects in the MG/HA system for antitumor therapy. b) TEM image of MG/HA nanocatalysts. c) The
A-dissolved O, meditated by glucose and GOD. A-dissolved O, meditated by MnO, and GOD in d) glucose solutions and e) mimic microenvironment
solutions. f) Tumor volume changes in 16 days of different samples. g) Cell viabilities of G/HA and MG/HA cultured in hypoxia and normoxia. Reproduced
with permission.2%! Copyright 2018, American Chemical Society. B-a) lllustration for the H,O,-responsive and antitumor mechanisms of SPN-M1. b) STEM
image of SPN-M1. c) Detection of 'O, by SOSG for SPN-0 or SPN-M1 with or without H,0, under hypoxic conditions at 808 nm NIR light (0.44 W cm™?).
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CA is released due to the weak acid environment, which then
directs the production of ROS; meanwhile, the TPP-CAT-g
particles capture GSH to form gold-sulfur bonds and deplete
the antioxidant GSH, thus amplifying oxidative stress and
promoting cell apoptosis (Figure 14c,b). After 43 days of treat-
ment by using a xenograft model of HCC tumor (Figure 14d),
the MitoCAT-g group shows significant tumor suppression
(Figure 14e), and the survival rate of mice treated by MitoCAT-g
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remains 75% at 93 days, while the other groups all died within
60 days (Figure 14f). Overall, we believe that the functional
molecule/metal nanocomposites-derived BF/Enz-Ms also play
an indispensable role in future treatments. Therefore, innova-
tive structures and new synthetic methods should be carefully
investigated to improve their enzyme-mimetic catalytic perfor-
mance further and expand their bioactivity by the integration of
various bioactive inorganic or metallic components.
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10. Conclusions and Perspectives

In recent years, significant breakthroughs have been made
in the use of Enz-Ms to mimic the catalytic activity of natural
enzymes.’®% In this progress report, we discuss the influence
of functional molecules and nanostructures on the catalytic and
biological performances of diverse BF/Enz-Ms and summarize
the structure-function relationship in diverse biomedical
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applications of BF/Enz-Ms, including biosensing, tumor
therapy, and treatment of bacterial infections.

Though, it is difficult to conclude which BF/Enz-Ms is the
best candidate for future biomedical applications. In general,
for drugs/proteins/enzymes delivery and regenerative thera-
peutics, the hydrogels and microgels engineered BF/Enz-Ms
hold the promising potential due to their 3D structures, high
biocompatibility, and ability to protect unstable NPs from fast
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Reproduced with permission.?%0 Copyright 2019, Nature Publishing Group.

degradation. While, when designing nanomedicines with
precise molecular/atomic-level biocatalytic centers and high
porosity for drug loading, the functionalized MOFs and MPNs
are supposed to be the most qualified BF/Enz-Ms for further
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exploration in clinical applications. As for homotypic targeting
and immunomodulation, the cell membranes decorated BF/
Enz-Ms also present enormous application potential, which
can endow the traditional Enz-Ms with self-targeted deliveries,
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extended half-life of blood circulation, and many other biolog-
ical properties, making the engineered BF/Enz-Ms more intel-
ligent and stealth to the immune system.

Although the biomedical applications of BF/Enz-Ms as
biocatalytic medicines or diagnostic agents are still in their
infancy, they have shown promising application prospects
due to its excellent catalytic performances and therapeutic
effects. It is imperative to combine these introduced chemical
protocols, engineering technics, or rational design of intelli-
gent moieties to construct the BF/Enz-Ms system to achieve
targeted delivery, controllable releasing, and more efficient
catalytic therapeutics and diagnostics. Nevertheless, some
foreseeable challenges and critical issues to expand its fur-
ther application scope needs to be paid attention to and given
solve strategies.[*>1%]

1) Many of the Enz-Ms have revealed similar catalytic capabili-
ties as that of natural enzymes.l**3%] However, integrating the
excellent functionalities and biocompatibility of functional
molecules BF/Enz-Ms may significantly affect their cata-
lytic performances. Although some studies references have
reported that BF/Enz-Ms have better enzymatic activity, in
general, their enzymatic activities are reduced after function-
alization. Therefore, how to balance the catalytic activities
and the surface functionalization modifications are worth
further consideration. A typical example is the PEG coating
on the surface of nanoparticles, such as Fe;0,,%4 with PEG
introduced to prolong the circulation time and reach the le-
sion site. However, the presence of polymer coating and the
thickness of the coating affect the catalytic performance of
BF/EHZ-MS.BS’BO'%H

2) Usually, the application of BF/Enz-Ms mainly focused
on biosensing, cancer therapy, bacterial eradication, and
cell protection against oxidative stress, and a few stud-
ies have highlighted the alleviation or treatment of
Alzheimer’s disease, Parkinson’s disease, diabetes, and
arthritis.[16:166:183,221.262.263] T maximize the synergistic effect
for multimodal transmission or treatment and broaden the
biomedical applications of BF/Enz-Ms, many new types of
nanostructures, energy conversion therapies, and functional
therapeutic drugs can be integrated,?42%] or through the
construction of hybrid membrane carriers, such as platelets/
cancer cells and liposomes/exosomes.[214:264266]

3) Although BF/Enz-Ms exhibit excellent potential for antimi-
crobial, antitumor, and alleviating neurodegenerative dis-
eases, their catalytic mechanisms in vivo remain unclear.
Appropriate model and theoretical calculations are of great
significance for identifying reaction intermediates and un-
derstanding the possible catalytic kinetics and mechanism of
BF/Enz-Ms in biomedicine.

4) Intelligent systems of BF/Enz-Ms usually have complex
structures and multiple components to realize the simula-
tion of specific or multiple enzymes, and their preparation
methods are often complicated and not suitable for large-
scale production. Moreover, the biocatalytic performance
and morphological structure of BF/Enz-Ms may be different
between different synthetic batches, and how to standardize,
normalize, and produce BF/Enz-Ms on a large scale are also
urgent problems that remain unsolved.

Adv. Funct. Mater. 2021, 31, 2007475

5) To translate BF/Enz-Ms as nanomedicines or diagnostic
agents into clinical practice for diverse diseases, the in vivo
metabolism of Enz-Ms also needs to be considered in de-
tail. Adverse reactions due to the potential long-term toxic-
ity of biocatalytic inorganic/metallic particles in BF/Enz-Ms
to healthy tissues will hinder the potential application in
the biomedical area. Therefore, by establishing appropriate
pharmacokinetic models, further studies on the metabolic
pathways and in vivo deposition of BF/Enz-Ms can provide
a deeper understanding of their in vivo action process, thus
accurately constructing biocompatible BF/Enz-Ms, making a
significant impact on future clinical applications.

As a summary of recent studies on emerging BF/Enz-Ms, all
we can describe is just their initial state on the developments
and applications in biomedical areas. We also believe that with
the increased understanding of the design and synthesis of BF/
Enz-Ms, highly efficient and intelligent BF/Enz-Ms systems
will drive future progress in diverse biomedical and clinical
applications.
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