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Composites with tailored compositions and functions have attracted widespread scientific and industrial
interest. Metal-phenolic networks (MPNs), which are composed of phenolic ligands and metal ions, are
amorphous adhesive coordination polymers that have been combined with various functional compo-
nents to create composites with potential in chemistry, biology, and materials science. This review aims
to provide a comprehensive summary of both fundamental knowledge and advancements in the field of
MPN composites. The advantages of amorphous MPNs, over crystalline metal—organic frameworks, for
fabricating composites are highlighted, including their mild synthesis, diverse interactions, and numerous
intrinsic functionalities. The formation mechanisms and state-of-the-art synthesis strategies of MPN
composites are summarized to guide their rational design. Subsequently, a detailed overview of the
chemical interactions and structure—property relationships of composites based on different functional
components (e.g., small molecules, polymers, biomacromolecules) is provided. Finally, perspectives are
Received 4th June 2024 offered on the current challenges and future directions of MPN composites. This tutorial review is

DOI: 10.1039/d3cs00273; expected to serve as a fundamental guide for researchers in the field of metal—organic materials and to

provide insights and avenues to enhance the performance of existing functional materials in applications

rsc.li/chem-soc-rev across diverse fields.

Key learning points

(1) Advantages and challenges of using MPNs for fabricating composites.

(2) Synthesis strategies for MPN composites.

(3) Fundamental interactions between MPNs and different functional components.
(4) Synergistic effects of MPNs and functional components for specific applications.
(5) Future challenges and opportunities for MPN composites.

- L o

engineered to display a range of desired functionalities. For
example, pristine metal-organic frameworks (MOFs), which are

1. Introduction

Functional composites with tailored properties play a pivotal
role in fundamental studies and translational applications in
diverse disciplines, including chemistry, biology, and materials
science.' Pristine materials allow for detailed fundamental
studies, whereas composite materials, where functional mate-
rials (e.g., nanoparticle, protein, polymer) can be embedded in
or incorporated throughout another material, can be
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composed of organic ligands and metal ions or clusters, are of
scientific interest owing to their physiochemical properties,*®
although the functionalities of MOFs can be restricted by the
ligands applicable to their synthesis. Therefore, various
functional components (e.g., proteins and nanoparticles)
with distinct properties have been incorporated into MOFs to
create composite materials with desirable functions for
various applications.””® However, the integration of functional
components within these crystalline materials is typically
restricted by the pore size of the MOFs, specific covalent
interactions, or complex postsynthetic strategies.'®™* These,
in turn, limit the type of cargo and the functionality of the
resultant metal-organic composites with regard to emerging
applications.

This journal is © The Royal Society of Chemistry 2024
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Metal-phenolic networks (MPNs) are amorphous coordina-
tion networks composed of metal ions and phenolic
ligands."*™"” The presence of phenolic catechol and gallol
groups enables MPNs to interact with various functional com-
ponents via a range of interactions (e.g., hydrogen bonding, ©
interactions, hydrophobic interactions).'®° Therefore, diverse
MPN composites—formulated by combining MPNs and one or
more functional components (e.g., drugs, proteins, and nano-
particles)—have been developed and applied across diverse
applications, including separations, energy storage, drug deliv-
ery, catalysis, and bioimaging.>'>* Moreover, the inherent
properties of MPNs (e.g., high porosity, pH responsiveness,
and metal-dependent functionality) can be incorporated into
composites to enhance the performance of other functional
components.”® MPN composite materials have undergone
rapid development in the last decade since the first report in
2013" and have potential applications in a wide range of fields,
including chemistry, biology, and materials science.'®'”'® A
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comprehensive review summarizing the fundamental mechan-
isms, synthetic strategies, and properties of MPN composites is
expected to significantly bridge knowledge gaps, inspire inno-
vative approaches in synthesizing MPN composites, and cata-
lyze new research directions for diverse scientific and industrial
applications.

In this tutorial review, we cover the fundamentals of MPN
composites and highlight the significant progress made to date
to guide future directions in the field (Fig. 1). We first introduce
the advantages of using molecular building blocks and the
physicochemical properties of MPNs that make them useful for
fabricating composites (Section 2). We then summarize state-
of-the-art strategies for preparing MPN composites (Section 3),
followed by a detailed overview of the chemical interactions
and structure-property relationships of composites based on
the different functional components, including small molecules,
polymers, biomacromolecules, metal nanoparticles, oxides, biolo-
gical entities, and other functional materials (Section 4). Finally,
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Fig. 1 Schematic illustration of the building blocks, assembly techniques, morphologies, properties and applications of MPN composites.

we offer a perspective on the future challenges, opportu-
nities, and directions related to the field of MPN composites
(Section 5). This tutorial review is expected to serve as a guide
for researchers in the field of functional composite metal-
organic materials.

2. Engineered MPNs to fabricate
composites

In this section, we introduce the building blocks involved in the
fabrication of MPNs and the advantages of coupling these
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building blocks with a functional component to prepare MPN
composites.

2.1. MPN molecular building blocks

2.1.1. Phenolic ligands. The molecular building blocks of
MPNs are both widespread and modular, with phenolic ligands
alone comprising over 8000 distinct molecules found in nature
and a nearly limitless number of theoretical synthetic ligands
(Fig. 2).>° Notably, phenolic ligands are naturally prevalent in
fruits (e.g., blueberries, grapes), nuts (e.g., hazelnuts, walnuts),
and tree leaves (e.g., Pinus pinaster), as well as various vegeta-
bles (e.g., onions, bell peppers) (Fig. 2a).>® Moreover, natural
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Fig. 2 Representative examples of (a) natural and (b) synthetic phenolic ligands.

polyphenols have found applications in both traditional and
contemporary medicine, winemaking, rust mitigation in pipes,
wastewater remediation, and historical practices such as iron-gall
ink production.>” Polyphenols have a variety of applications in
nature and industry owing to their diverse physicochemical and
biological properties that naturally benefit organisms, including UV
absorption, reactive oxygen species (ROS) scavenging, antioxida-
tion, and therapeutic efficacy.*®>%3"

Additionally, the functionality of phenolic ligands can be
tailored through modification with specific molecules (e.g,
hyaluronic acid (HA)-based phenolic ligands for cell targeting,
Fig. 2b), and non-canonical phenolics can even be synthesized
to unlock further properties such as high underwater
adhesion.**** For example, dopamine is commonly used to
impart various molecules with catechol groups through amide
coupling, succinimidyl succinate or carbodiimide coupling
reactions.?®**3> Alternatively, more sophisticated approaches
can be used to copolymerize phenolic polymers or create
dendritic phenolic molecules with controllable size, length,
and hydroxy number.***” It is notable that the protection/
deprotection of phenolic groups may be required in this
process to avoid undesirable potential side reactions.*® These
synthetic polyphenols generally retain their physicochemical
properties and ability to coordinate metal ions. For instance,
cargo-loaded MPN composites with adjustable cell-targeting
efficacy were prepared by altering the ratio of dopamine-
modified polymeric phenolic ligands, including cell-targeting

This journal is © The Royal Society of Chemistry 2024

HA and low-fouling poly(ethylene glycol) (PEG).*> Moreover,
synthetic approaches allow for the formation of phenolic
molecules not accessible to biological processes (e.g., phenolic
moieties with four or five hydroxy groups) that allow for the
formation of advanced materials for specific applications.*?

An important property of phenolics is their universal adhe-
sion to substrates owing to their wide range of interactive forces
(Fig. 3a—c)."*"'® Moreover, phenolic ligands can coordinate with
a diverse array of metal ions without losing their adhesive
nature, affording the generation of functional MPN coatings
and materials. In this process, the hydroxy groups (-OH) of
phenolics function as electron donors, whereas the metal ions,
possessing vacant electron orbitals (known as coordination
sites), accept electron pairs (Fig. 3d).** Thus, the hydroxy
groups of the phenolic ligand can establish coordination bonds
with the metal ions (Fig. 3e), enabling the mutual sharing of
electron pairs between the metal ions and the oxygen atoms
within the hydroxy groups and imparting stability to the
resulting MPN coatings and materials.*’

2.1.2. Metal ions. The formation of MPNs is a versatile and
controllable process dependent on the incorporation of metal
ions that holds significance in nature, particularly for plant
pigmentation and cationic nutrient cycling, and in industry for
energy, agriculture, and biomedicine.'” Main group metal ions
(e.g., aluminum), transition metal ions (e.g., iron, copper,
cadmium), and lanthanide ions (e.g., cerium, europium, samar-
ium, and gadolinium) have been extensively used to fabricate

Chem. Soc. Rev., 2024, 53,10800-10826 | 10803
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substrates. (b) Zeta potential of the samples before and after the formation
of MPN coatings. (c) Digital images of different samples before (upper) and
after (lower) MPN coating. (a)—(c) Adapted with permission from ref. 14.
Copyright 2013, The American Association for the Advancement of
Science. (d) Schematic illustration of the formation of coordination bonds
involving the donation of two electrons, generating molecular orbitals with
a dipole moment and the distortion of the d orbitals of the metal ions.
Adapted with permission from ref. 39. Copyright 2021, Springer Nature
Limited. (e) Schematic illustration of the coordination between polyphe-
nols and metal ions in MPNs.

MPNs (Fig. 4a).>* MPNs exhibit various stoichiometries (e.g.,
mono-, bis-, tris-complex) that can be modulated by various
factors including pH, metal ion valency, or the molar ratio of
metal ions to phenolic groups.* In turn, the species of metal
ions and their related stoichiometries guide the properties of
MPNs, such as film thickness, permeability, and disassembly.
Moreover, the choice of metal ions can dictate the function of
the MPNs.'” For example, Rh**~tannic acid (TA) capsules have
shown excellent catalytic properties for quinoline hydrogena-
tion and Cu®>-TA complexes serve as a positron emission
tomography imaging probe.***" Multimodal imaging and

10804 | Chem. Soc. Rev.,, 2024, 53,10800-10826
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multicolor fluorescence is also achieved by incorporating multi-
ple metals, providing an avenue for engineering multifunc-
tional materials for various applications (Fig. 4b-d).****> The
distinct characteristics bestowed by metal ions offer versatility
for preparing MPN composites, with potential application in
various fields, including biomedicine, environmental remedia-
tion, and materials science.

2.2. Advantages of MPNs for constructing composites

Crystalline MOFs possess advantages that can benefit the
fabrication of composites, which have been summarized in
previous reviews.”"* However, MPNs possess some distinct
advantages compared with crystalline MOFs for the formation
of functional materials (Table 1)."> For example, the mild
synthesis conditions (i.e., aqueous synthesis under ambient
conditions) of MPNs can minimize the denaturation of bioac-
tive functional components (e.g., proteins), which benefits
biomedical applications such as drug delivery.** Furthermore,
various functional components (e.g., drugs or proteins) can be
easily pre- or postloaded into MPNs through diverse supramo-
lecular interactions (e.g., hydrogen bonding), which is a sig-
nificant advantage over complex chemical conjugation routes
and cargo size constraints typically associated with loading or
functionalizing crystalline metal-organic materials. Moreover,
functional phenolic ligands and/or metal ions can be readily
incorporated into MPNs to provide new functionalities or
enhance the performance of the other functional components.
This section systematically discusses the benefits of using
MPNss for fabricating composite materials.

2.2.1. Mild synthesis conditions. The assembly of MPNs is
simple and facile: phenolic ligands and metal ions are
assembled within minutes in aqueous solution at room tem-
perature, eliminating the requirement for organic solvents and/
or hydrothermal conditions that are typically used for the
formation of crystalline metal-organic materials.'*** These
mild synthesis conditions generally allow for the preservation
of the activity of biological entities (e.g., enzymes, yeast cells,
and microalgae), thereby enabling the formation of biological
composites particularly useful in biomedicine.*> The mild
synthesis conditions further enable the engineering of MPN
composites via diverse assembly technologies (see Section 3.1
for details).

2.2.2. Diverse interactions with functional components.
The broad adherence properties of phenolic ligands enable
MPNs to interact with other materials through hydrogen
bonding, n interactions, hydrophobic interactions, metal coor-
dination, covalent bonding, and electrostatic interactions
(Fig. 5a-k)."®'® Therefore, a wide range of functional materials
can directly interact with MPNs without a restrictive need on
their chemical compositions, and many MPN composites are
formed as a result of more than one type of stabilizing
force but often with a dominant type of interaction.*®*” To
reveal their dominant interactions, a simplified system has
been studied using TA and various proteins with different
molecular weights, aliphatic indices, and charges.”"*® The
findings showed that hydrophobic interactions predominantly

This journal is © The Royal Society of Chemistry 2024
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Copyright 2014, Wiley-VCH.

Table 1 Comparison of MPN composites and crystalline MOF composites®

MPN composites

Crystalline MOF composites

Synthesis  Aqueous, simple, and relatively rapid process that pre-
serves the activity of functional guests
Mostly natural, flexible, and asymmetric ligands with
relatively less control over side groups
Generalized protocols
Diverse assembly techniques
Morphology Amorphous structure
Mostly spherical, but can be engineered into diverse

morphologies (e.g., anisotropic particles and films)
Narrow size distribution

Generally, requires specific solvents, pressure and temperature, and rela-
tively slow process, guest molecules and cargo can expedite formation
Mostly rigid synthetic ligands with a high degree of synthetic control over
side groups

Metal-specific protocols

Material-specific techniques

Defined crystalline structure

Typically, faceted polyhedral morphology

Controllable size distribution

Easy to form conformal coatings due to the universally Difficult to form thin-film coatings without pre-functionalizing the surface of
adherent nature of phenolic ligands
Controllable hydrogel formation
Interaction Single or mixed-state dynamic metal chelation
state Generally, flexible and tunable coordination networks
Multiplex interactions between MPNs and guests
Porosity Broad pore size distribution (angstroms to

micrometers)

Irregularly interpenetrated pores and channels

the substrate

Controllable hydrogel formation

Single-state metal or metal-cluster chelation

Generally, rigid and brittle coordination networks

Weak interactions between MOFs and non-covalently incorporated guests
Narrow pore size distribution (angstroms to nanometers) without templating
or post-synthesis approaches

Limited regulation over the range of pore sizes arising from the crystal
structure (one order of magnitude)

¢ Adapted with permission from ref. 15. Copyright 2023, Springer Nature Limited.

stabilized lysozyme-TA and cytochrome C-TA, but only played stronger hydrogen bonding between TA and the proteins. Addi-
minor roles in stabilizing hemoglobin-TA. In contrast, hydro- tionally, proteins with higher aliphatic indices formed stronger
gen bonding and hydrophobic interactions were the main hydrophobic interactions with TA, and proteins with higher iso-
stabilizing forces in immunoglobulin G (IgG)-TA. Generally, electric points typically had stronger ionic interactions with the
an increase in the molecular size of proteins corresponded to deprotonated hydroxy moieties of the phenolic groups.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Polyphenol-mediated interactions of different components in MPN composites.

2.2.3. Customized properties and controllable functional-
ities for various applications. MPN composites constructed
from functional phenolic ligands and metal ions can possess
engineered functionalities that are useful for applications
spanning the environmental, energy, and biomedical fields.
For instance, natural polyphenols are renowned for their
diverse biological properties, including antibacterial, anti-
cancer, and neuroprotective effects, rendering them attractive
for biomedical applications.”®*>>® Moreover, the metal-
chelating capability of polyphenols enables the integration of
multiple metals into the matrix of MPNs, where the properties of
the MPN composites, e.g., thickness, stability, pH responsiveness,
catalytic activity, and fluorescence, can be tailored through the
choice of coordinating metal ions.”* Importantly, MPNs can
simultaneously incorporate metals with widely varying chelation
coefficients, thereby facilitating the creation of composite struc-
tures that exploit the specific attributes of each metal.’”** Tunable
metal chelation not only imparts a high degree of customization to
the resulting materials but also enables the inclusion of diverse
functionalities within a single system.

The dynamic coordination between metal ions and phenolic
ligands allows for the disruption and reformation of the
coordination bonds in response to various stimuli, such as
PH and ionic strength, thereby endowing MPN composites with
pH responsiveness, controllable permeability, tunable tough-
ness, and self-healing characteristics (Fig. 6a-c).>">> Tunable
thickness and kinetic control of MPN composites can also be
achieved by engineering the coordination kinetics of phenolic
ligands and metal ions (e.g., rust-mediated assembly and
oxidation methods).”>”* For example, the rust-mediated con-
tinuous assembly of MPNs involved the use of waste products
(e.g., rusty objects) to prepare MPN materials with tailored
thicknesses (Fig. 6d).>> Specifically, a rusted nail (iron(m)
oxyhydroxide phases) was immersed in a gallic acid (GA)
solution containing polystyrene (PS) particles. The GA solution
reacted with the rusted nail and etched the rust layer, generat-
ing chelation complexes in solution that self-assembled onto
the PS particles to form stable MPN coatings with controllable
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thicknesses from 5 to 70 nm, depending on the immersion time
of the rusted nail.

MPN composites can possess desired functionalities (e.g.,
light responsiveness, glucose responsiveness, and antimicro-
bial properties) through the selection of precursors for
applications across fields, including catalysis,
agriculture, and biomedicine (Fig. 7).>°">° For example, MPN
coatings can enhance the escape of nanoparticles from endo-
somes—a cellular compartment responsible for internalizing
nanomaterials.®® This offers a simple avenue for achieving the
efficient intracellular drug delivery of functional materials.

various

Furthermore, MPN composites (MPN microswimmers), fabri-
cated from ellagic acid and zinc acetate in N-methyl-2-
pyrrolidone, exhibited tailorable light responsiveness

This journal is © The Royal Society of Chemistry 2024
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(Fig. 7b).°" Under exposure to UV light (365 nm), ellagic
acid underwent structural transformation, leading to an excited
state configuration where a single proton transferred from an
adjacent hydroxy group to the ether oxygen. The inter-
mediate structure offered a nonradiative structural relaxation
pathway, wherein a second proton transfer was coupled with a
twist (&~ 55°) in the structure, leading to the formation of a
short-lived diketene and a subsequent rapid and reversible
twist. The dark region (farthest from the light source) of the
MPN microswimmers was more prone to complete relaxation,
resulting in more pronounced propulsion alterations to move
toward the UV light. In addition, these MPN microswimmers
were loaded with functional guests, such doxorubicin (DOX),
allowing for the construction of MPN composites with photo-
responsive drug delivery properties.

The glucose responsiveness of MPNs was achieved through
the comparable binding affinity between glucose and Fe**
similar to that between quercetin and Fe®" (Fig. 7¢).>> This
similarity promoted the incorporation of glucose into MPNs,
which induced changes in their physicochemical properties.
Consequently, MPN composites loaded with therapeutic agents

This journal is © The Royal Society of Chemistry 2024

(e.g., insulin) released the encapsulated cargo in response to
fluctuations in glucose concentration. Glucose response was
also engineered via the use of phenyldiboronic acid molecules
that are responsive to glucose.®

The antibacterial efficacy of MPN composites originates
from the inherent antibacterial properties of the building
blocks.®* For example, antioxidant epigallocatechin gallate
(EGCG), Cu®’, and antibacterial diethyldithiocarbamate
(DEDTC) were assembled into MPN-DEDTC composites within
a few seconds at room temperature, and the composites
exhibited potent antibacterial activity against antibiotic-
resistant bacteria such as methicillin-resistant Staphylococcus
aureus (MRSA, Fig. 7d).>® The MPN-DEDTC composites effec-
tively inhibited bacterial biofilm formation, disrupted existing
biofilms, and promoted wound healing in mice infected with
MRSA. Systematic investigations revealed that the antimicro-
bial mechanisms of action of the MPN-DEDTC composites
included the formation of quinoproteins, representing a dis-
tinct antimicrobial pathway of polyphenol-based MPN-DEDTC
composites. Alternatively, Ag" was incorporated into MPNs and
deposited onto a variety of substrates to form MPN composites

Chem. Soc. Rev,, 2024, 53,10800-10826 | 10807
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that neutralized lipid-enveloped viruses, Gram-positive and
Gram-negative bacteria, and fungi.®>*® Importantly, the highly
adherent nature of polyphenols afforded a robust antimicrobial
coating that could not be removed by soap and water
washing.®® This coating technology was commercialized as
the first antimicrobial MPN product to reach the market.

MPNs also exhibit photothermal properties and selective
wettability, which are both essential for solar seawater
desalination.®””°® For example, a sponge was incubated with
TA and (3-aminopropyl)triethoxysilane (APTES), and Fe** were
then added to cross-link the TA-APTES complexes and form
MPN-sponge composites (Fig. 7e and f).°> The abundant hydro-
philic groups of TA rendered the MPN-sponge composites
superhydrophilic, whereas the introduction of APTES partially
cross-linked the polyphenols, enhancing the stability of the
composites. The MPN-sponge composites were further mod-
ified with octadecyltrimethoxysilane to form superhydrophobic
sponges. Both the modified and unmodified MPN-sponge
composites displayed photothermal performance (i.e., tempera-
ture increased from 37 °C to 80 °C within 1 min), attributed to
the high photothermal conversion efficiency originating from
the dark color of Fe**~-TA MPN complexes.

3. Synthesis strategies to engineer
MPN composites
The distinct physiochemical properties of MPNs have driven

the rapid development of various MPN composites for a wide
range of applications. This section will summarize diverse
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assembly techniques and three strategies that can be employed
to synthesize MPN composites, ie., complexation, template
coating, and postmodification, with representative examples
highlighted throughout.

3.1. Diverse assembly techniques

The mild synthesis conditions enable the engineering of MPN
composites via diverse assembly technologies, including
immersive assembly, spray assembly, electrotriggered assem-
bly, fluidic assembly, spin assembly, and mechanochemical
assembly (Fig. 8). These assembly methods play an essential
role in modulating the composition, morphologies, and physi-
cochemical properties of the resulting MPN composites. There-
fore, it is important to select the appropriate assembly method
for the desired performance, functionality, or application
(Table 2).

Immersive assembly is the most common and readily avail-
able MPN assembly technique, where generally a functional
component (i.e., guest) is transferred to a solvent (e.g., water),
and then metal ions or phenolic ligands are added in sequence,
followed by optional pH adjustment, leading to the rapid
assembly of MPN composites (Fig. 8a).°>””" Immersive assem-
bly relies on the amorphous characteristics of MPNs, rapid
interaction kinetics between metal ions and phenolic ligands,
and favorable interactions between ligands and guests.

Spray assembly involves the preparation of metal ions and
phenolic ligand solutions that are subsequently nebulized into
droplets through a spraying device and deposited onto a
functional component (Fig. 8b).”* This can be done by spraying
two solutions alternatively or simultaneously. The solvent on
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Fig. 8 Schematic illustration of the diverse assembly routes for MPN composites.
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Table 2 Comparison of the advantages and disadvantages of different assembly techniques for fabricating MPN composites, and typical applications of

resulting MPN composites

Assembly

technique Advantages Disadvantages Applications

Immersive Simple and rapid; accessible for a wide  Limited film thickness (~10 nm per deposition Drug delivery and cell target-
range of substrates; no specialized equip- cycle); limited control over kinetics and film uni-  ing;*® cancer theranostics;”°
ment required formity; relatively low product yield bioimaging”

Spray Small (reaction) medium volume; adjus- Rough film surface; control over spray parameters Antimicrobial coatings;”* oil-
table film thickness; high product yield requires specialized equipment water separation”?

Electrotriggered ~ Continuous process; easy separation of ~ Specialized equipment required; limited to certain Antioxidant coatings;”* cyto-
MPN composite films; fine-tuning of metal species; restricted to conductive substrates compatible freestanding
coating kinetics and thickness membranes”’®

Fluidic Tunable formulation; continuous produc- Complex setup with a risk of clogging; precise flow Cell protection;”® functional
tion capability; controllable particle size control required nanoparticle formulation;””

cancer theranostics’®
Spin High control over surface and film prop- Limited to planar substrates; limited size of Bone repair;”® Antimicrobial

erties (e.g., uniformity and thickness) substrates

Mechanochemical Solvent-free process; tunable film thick-
ness; large-scale production potential

the surface of the functional component gradually evaporates
and subsequently triggers the assembly of MPNs on the func-
tional component. The thickness and uniformity of MPN
composites in the spray assembly can be controlled by adjust-
ing the spray parameters (e.g., droplet size, velocity of the
spraying solution, order in which solutions are sprayed, and
spray angle), solvent type (e.g., water, methanol, and ethanol),
precursor concentration, and/or the molar ratio of ligand to
metal.”?

Electrotriggered assembly exploits the inherent charge and
redox properties of metal ions and phenolic ligands to rapidly
form MPNs.”* The electric current can significantly accelerate
the growth of continuous films by 10-350 times under cyto-
compatible conditions (e.g., aqueous solution and ambient
temperature), and the resulting MPN film can be detached by
reversing the potentials of the electrodes.”” Typically, the guest
is submerged into a solution containing metal ions and phe-
nolic ligands and an electric current is applied to move the
MPN building blocks toward a substrate with the opposite
charge (Fig. 8c). Upon reaching the surface, these charged
species undergo chemical interactions, leading to the for-
mation of MPN composites.

Fluidic assembly relies on the manipulation of fluid
dynamics within microfluidic channels or regulated flow sys-
tems. Generally, solutions containing metal ions, phenolic
compounds, and functional components are mixed via custo-
mizable microfluidic chips with a specific arrangement to
control mixing (Fig. 8d).”°”® The flow rate and order in which
solutions are mixed can be adjusted to tune the interaction of
the components for the continuous production of MPN
composites.

Spin assembly uses high rotational speeds and centrifugal
force to evenly spread precursor solutions and evaporate the
solvent to form MPN composites (Fig. 8e).”” The assembly
process can be engineered by precursor concentration, coating
deposition cycle, solvent type, and spin speed. For example,
multiple spin coating processes of MPNs and gallium

This journal is © The Royal Society of Chemistry 2024

Specialized equipment required; high energy
consumption

coatings®®
Controlled-release fertili-
zers;®! functional coatings;®*
catalysts®

nanoparticles could generate composites with controllable
thickness for tunable Ga®" release behavior.*°

Mechanochemical assembly is typically a solvent-free pro-
cess that deprotonates phenolic ligands through friction and
subsequently coordinates the deprotonated phenolic ligands
with metal ions or oxide to form composites (Fig. 8f).*'"* For
example, composite fertilizers were synthesized through a one-
step mixing of phenolic ligands, metal ions, and water-soluble
urea, followed by aging or thermal treatment.®' The integration
of MPNs enabled the preparation of urea fertilizers with tun-
able mechanical resistance, crystallinity (~ 16%-68%), stiffness
(0.1-5.1 MPa), and wettability properties and prolonged urea
release profiles (up to 9 days), which are essential for industrial
applications.

3.2. Synthesis strategies

3.2.1. Complexation. The fast coordination kinetics
between phenolic ligands and metal ions presents both advan-
tages and disadvantages. It facilitates the rapid formation of
MPN composites within seconds but it can impede the for-
mation of well-defined nanoparticles.®*** Consequently, var-
ious seeding agents and/or templates have been employed to
modulate the formation of MPN composites during direct
complexation. These seeding agents, including small mole-
cules, polymers (e.g., polyvinylpyrrolidone), and biomolecules
(e.g., chitosan, proteins), serve to locally increase the concen-
tration of the precursor/s, which consequently accelerates the
formation of MPN complexes, even at lower precursor concen-
trations that are typically less favorable for the formation of
MPNs.*>% Importantly, these seeding agents (functional com-
ponents) not only expedite the complexation process but also
contribute to stabilizing the resulting composites (Fig. 9a).*”
However, incorporating seeding agents may modify the proper-
ties of the nanoparticles (e.g., pH responsiveness).®® A seeding
agent-free strategy was therefore recently developed using
specific buffers to mediate the coordination kinetics for directly
assembling MPN nanoparticles.®® A wide range of functional

Chem. Soc. Rev., 2024, 53,10800-10826 | 10809
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components, including anticancer drugs and proteins with
diverse molecular weights and isoelectric points (e.g., horse-
radish peroxidase (HRP)), were readily incorporated into these
nanoparticles to form composites (Fig. 10a).

The physicochemical characteristics of MPN composite par-
ticles can be precisely modulated by manipulating the assembly
conditions (e.g., type and concentration of building blocks). For
example, a coordination-driven flash nano-complexation pro-
cess was developed, which employed a turbulent mixing device
to achieve the continuous fabrication of quaternary MPNs
complexes (Fe**-TA), HA, and DOX (Fig. 10b).”® By varying
the flow rates of the precursor solutions during mixing, com-
plexes with different sizes were achieved. The size of the
complexes was further modulated by adjusting the concentra-
tions of each constituent, as the formation of these complexes
was primarily governed by coordination bonds and hydropho-
bic interactions, which were also pivotal in determining the
stability of the resulting nanocomplexes.

Metal-phenolic complexation also allows for the fabrication
of bulk composite materials (e.g., supramolecular gels).*®
For example, high ratios of Ti'" to TA (eg, 5:1) in
N,N-dimethylformamide or water facilitated the direct for-
mation of MPN gels that could be used as matrixes for active
pharmaceutical ingredient crystallization.®® These MPN-drug
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nanoparticles. Reproduced with permission from ref. 69. Copyright
2023, Xu et al., published by Wiley-VCH GmbH. (b) Coordination-driven
rapid complexation of MPN-dopamine-modified hyaluronic acid (HAd)—
DOX nanoparticle composites using a turbulent mixing device. Repro-
duced with permission from ref. 78. Copyright 2019, Royal Society of
Chemistry. (c) Synthesis and NIR-triggered actuation (reversible bending—
unbending) of MPN-PNIPAAmM composite hydrogels. Adapted with per-
mission from ref. 42. Copyright 2021, American Chemical Society.

composites allow for the continuous release of drugs, high-
lighting significant potential as drug delivery systems.’® MPN
composite gels also display temperature- and pH-sensitive
properties via direct assembly. For example, MPNs made of
Fe*"-TA could act as a photothermal transmitter and combined
with poly(N-isopropylacrylamide) (PNIPAAm) to form smart
hydrogels, where TA formed hydrogen bonds with PNIPAAm
during in situ polymerization (Fig. 10c).*> The inclusion of
MPNs improved the mechanical properties of PNIPAAm hydro-
gels, and the MPN-PNIPAAm composite hydrogel exhibited

This journal is © The Royal Society of Chemistry 2024
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photothermal properties and reversible deformation behaviors
under near-infrared (NIR) irradiation. Similarly, responsive
hydrogels, i.e., MPN-aminoglycoside composites, demon-
strated dynamic characteristics and responded to various sti-
muli (temperature, light, pH, electricity, and redox) and
displayed antibacterial activity.”® In general, MPN composite
hydrogels hold promise for a variety of biomedical applications,
for example, as wound dressings (antioxidant and provascular-
ization activity) and as bioadhesives.”**

3.2.2. Template coating. MPN coatings can be assembled
on a broad range of substrates, including organic, inorganic,
and biological entities (Fig. 11a). Directly assembling MPNs on
functional templates (e.g., drug or Fe,O; particles,) leads to
core-shell composites (Fig. 9b), where the MPNs act as protec-
tive barriers for the cores and thereby increase the stability of
the composite.”> For example, most anticancer drugs (e.g.,
paclitaxel) are hydrophobic and typically suffer from low solu-
bility in aqueous environments, resulting in low bioavailability
and unfavorable pharmacokinetics.”® Owing to the aromatic
structure of phenolics, MPNs can be deposited on hydrophobic
drug particles via hydrophobic interactions and m-n interac-
tions (Fig. 11b), where the negatively charged catechol and
gallol moieties prevent the drug particles from aggregation by
increasing the interparticle electrostatic repulsion.’>°” ' MPN
coatings also facilitate the formation of small, uniform, and
stable drug composites, which are useful for enhancing the
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Fig. 11 (a) MPN coating on different templates (e.g., organic, inorganic,
and biological entities). (b) Synthesis of MPN—paclitaxel composite nano-
particles. PTX, paclitaxel. Adapted with permission from ref. 95. Copyright
2016, American Chemical Society. (c) Synthesis and therapeutic applica-
tions (e.g., ulcer healing, anti-Helicobacter pylori, and computed tomo-
graphy (CT) imaging) of MPN-tetracycline composite capsules. TET,
tetracycline. Adapted with permission from ref. 102. Copyright 2022,
Wiley-VCH.
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antitumor activity of drugs both in vivo and in vitro.> Further-
more, MPNs can prevent the aggregation of inorganic nano-
particles (e.g., gold nanoparticles) and enhance their catalytic
activity via synergistic effects.'®

MPN coatings are also widely exploited as a gating layer on
porous substrates (e.g., mesoporous silica) for controlled
release (Fig. 9b).'®*'*> For example, porous substrates were
incubated with functional components (e.g., drugs) at a high
loading capacity, and the surface of the substrates was then
coated with MPNs to prevent burst release.'® Drug-loaded
MPN capsules were obtained after selective removal of the
templates (e.g., using ethylenediaminetetraacetic acid to
remove CaCO; templates).’®® These MPN composite capsules
were pH responsive and were used for intracellular cargo
release owing to the disassembly ability of MPNs in acidic
environments, ie., endosomal/lysosomal compartments
(Fig. 110)‘102,107,108

3.2.3. Postmodification. The surface properties (e.g,
charge) of nanomaterials play an essential role in governing
their interactions with other materials and the external
environment.'°>''° Therefore, modifying the surface of materi-
als with specific chemical moieties (e.g., targeting or low
fouling) is important for achieving specific functions, particu-
larly for biomedical applications.™** The amorphous and supra-
molecular nature of MPNs allows for the MPN coatings to be
easily modified by diverse functional materials (e.g., polymers,
protein corona) to increase their stability or endow them with
certain properties (Fig. 9c). For example, the direct deposition
of a protein corona from human serum on MPN-HA composite

MDA-MB-231
(0044+) :

& ®
Human Serum - 3 =

MPN,,, Capsules Protein Corona-Coated

MPN,,, Capsules
C 2000
3
© 1500 'I'
Protein 5= g
corona & %1000
S
= 500
Y Antibody 3

Au-TA/Fe Au-TA/Fe-PNIPAAM

Fig. 12 (a) Synthesis of MPN-HA composites with customized protein
coronas via postmodification of MPNs. Adapted with permission from ref.
112. Copyright 2016, American Chemical Society. (b) Synthesis of MPN—
gold nanoparticle—antibody composites via postmodification. (c) Cell
targeting of different MPN—-gold nanoparticle—antibody—protein corona
composites to BT-474 (Her2+) cells. (b) and (c) Adapted with permission
from ref. 113. Copyright 2020, American Chemical Society. (d) Synthesis of
gold (Au)-TA/Fe—PNIPAAmM surfaces. Adapted with permission from ref.
114. Copyright 2020, American Chemical Society.
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capsules increased their targeting specificity by reducing non-
specific cell interactions (Fig. 12a)."**> The presence of the
protein corona reduced the exposure of the highly adherent
phenolic groups to cells, and their nonspecific interactions
were reduced to 9% compared to the MPN-HA composite
(prepared from a low molecular weight HA) without a protein
corona (e.g., 47%), while their cancer cell targeting was main-
tained, resulting in a three-fold improvement in cell selectivity.
Furthermore, the metal ions in MPNs, particularly Co**, facili-
tated the orientation of antibodies on their surfaces, enabling
high antibody-antigen recognition (Fig. 12b and c).'"

The MPN surface can also be covalently modified by poly-
mers through reaction of the phenolic hydroxy group of the
polyphenols with amine-terminated polymers via Michael addi-
tion or Schiff base reactions. For example, an antibacterial film
was constructed based on MPNs and the subsequent attach-
ment of a temperature-responsive PNIPAAm film via a
“grafting-to” method (Fig. 12d)."** The MPN composites
resulted in a reduction of >99% in bacteria owing to the
photothermal effects of the Fe**-TA complexes under NIR
irradiation, and this bactericidal efficiency was further
enhanced by the thermally activated repellent properties of
PNIPAAmM.

4. Design of functional MPN
composites and applications

The composition of MPN composites dictates their physico-
chemical properties and intended applications. This section
discusses various MPN composites based on different func-
tional components, including small molecules, polymers, bio-
macromolecules, metal nanoparticles, oxides, and biological
entities. We highlight the synergistic effects of MPNs and the
functional components to demonstrate the advantages of MPN
composites and to provide a guideline for the rational design of
MPN composites tailored for specific applications.

4.1. MPN-small molecule composites

Small molecules, including organic dyes, fluorescent
probes, therapeutic drugs, antibacterial agents, and molecular
imaging agents, have been used to form functional MPN
composites.''>''® The obtained MPN composites can enhance
the bioactivity of therapeutic small molecule drugs in multiple
aspects, including extending circulation time, controlling
release, and improving targeting.

MPNs provide a platform for the incorporation of aromatic
dyes and can therefore be used to devise versatile fluorescence
labeling strategies."*>'"” For example, fluorescence properties
were incorporated into substrates (e.g., PS, SiO,, gold nano-
particles, resin, melamine formaldehyde, and Escherichia coli)
by directly mixing TA, metal ions (e.g., Zr**, Fe*", AI**), and
fluorescent dyes (rhodamine B, rhodamine 6G, and perylene) to
form MPN-dye composites via supramolecular interactions
(Fig. 13a-c). This approach circumvents the use of expensive
imaging probes or complex covalent conjugation. The
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engineered luminescent MPN composites were used as tracers
for the visualization of intracellular interactions, drug delivery,
and biodistribution studies (Fig. 13d and e).

Small molecules can also be incorporated inside MPNs via
Schiff base cross-linking or Michael addition between catechol
groups and thiols or amines.”'*® For example, the amino
group of selenocystamine (SeCA) demonstrated reactivity with
the gallic group of GA, and MPN composites composed of Cu®*-
GA MPNs and SeCA were developed as functional coatings for
generating therapeutic nitric oxide (NO) (Fig. 13f)."*® The
production rate of NO was adjusted over a wide range by
controlling the amount of Cu®" in the coatings, with a 5-fold
higher production than that achieved by GA/SeCA alone owing
to the synergism of the two metals in a single system (Fig. 13g
and h). The NO-generating coatings effectively inhibited plate-
let activation and smooth muscle cell proliferation and sup-
ported endothelial cell growth for treating cardiovascular
disease. These features are essential for inhibiting thrombo-
genicity and restenosis and enhancing reendothelialization
from implanted biomedical devices (e.g, cardiovascular stents).

Conventional disease treatments using small molecules
commonly suffer from off-target effects that can cause side
effects, including drug resistance, shorter blood circulation,
and damage to normal tissue."””'*' The immobilization of
drugs in MPNs to form MPN-drug composites is a promising
approach for solving these issues. For example, the anticancer
drug DOX was loaded into MPNs to form therapeutic nano-
particles via coordination bonds and n-7 interactions between
DOX and the MPNs."?* The MPN-DOX composites exhibited
multiple therapeutic properties, including photothermal
effects, ferroptosis, and chemotherapeutic effects. Specifically,
the temperature of the solution containing the MPN-DOX
composites increased up to approximately 60 °C following 10
min of irradiation owing to the ligand-to-metal charge-transfer
band. The MPN-DOX composites also produced ROS, facilitat-
ing both ferroptosis and the deep penetration of DOX
into tumors. The chemotherapeutic effects of DOX enhanced
the ferroptosis efficiency by oxidation-reduction cascade
reactions, and the composites maintained a high tumor inhibi-
tion ratio using low doses of DOX and Fe*'. Other small
molecular drugs (e.g., bortezomib, romidepsin, and venetoclax)
were also incorporated into MPNs for diverse potential applica-
tions, including cell apoptosis, reactivation, and biomedical
imaging (Fig. 13i-k)."'® Moreover, owing to the modularity of
the assembly process, the functionality of the MPN-composites
can be expanded by incorporating targeting ligands post
assembly and sequentially assembling additional small mole-
cules, advancing MPN-composites for nanomedicine and
biotechnology.

4.2. MPN-polymer composites

Polymers typically possess lightweight properties, high proces-
sibility, and high thermal and chemical stability. The low cost
and versatile chemistry of polymers enable the preparation and
usage of MPN composites in the form of hydrogels, mem-
branes, and other macroscopic materials for industrial and
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Fig. 13 (a) Synthesis of luminescent MPN-dye composites with different functional components and different dyes to achieve tunable light emission.
(b) Confocal laser scanning microscopy (CLSM) image of MPN—-dye composites with a variety of emission colors. (c) CIE chromaticity coordinates of
different luminescent MPN—-dye composites. Rh110, rhodamine 110 chloride; Rh6G, rhodamine 6G; PER, perylene; RhB, rhodamine B. (d) Association of
MPN-dye composites with Hela cells at 37 °C over time. (e) CLSM images of MPN—-dye composites in Hela cells. (a)-(e) Adapted with permission from
ref. 115. Copyright 2021, Wiley-VCH. (f) MPN-SeCA composites can produce therapeutic NO for treating cardiovascular disease. (g) Comparison of NO
generation between GA/SeCA and MPN-SeCA composites and (h) effect of the concentration of chelated Cu?* on NO generation. (f)—(h) Adapted with
permission from ref. 118. Copyright 2018, American Chemical Society. (i) Synthesis and application of MPN—-functional small molecule (FSM) composites.
(j) Transmission electron microscopy (TEM) images of MPN and MPN-FSM composite nanoparticles. The FSMs include DOX, rhodamine 800 (Rh800),
and romidepsin (RMD). (k) Biodistribution of MPN-FSM (Rh800) composites in major organs. (i)—(k) Adapted with permission from ref. 116. Copyright

2024, Chen et al., published by Wiley-VCH GmbH.

biomedical applications.?®'** For example, ultrasmall nano-
dots (i.e., MPN-polyvinylpyrrolidone (PVP) composites) were
synthesized at the gram scale via the coordination of Fe®',
GA, and PVP in ambient conditions (Fig. 14a).®* Each compo-
nent was essential for forming the nanodots, as low-quality
particles with irregular shapes were observed when only two of
the three components were used. PVP acted as a protective
polymer during the nucleation and growth of the MPN compo-
site nanodots because the amide moieties of PVP can coordi-
nate with Fe®”, thus sterically stabilizing the nanodots. The
surface of the nanodots was covered by the neutral PVP layer
rather than the negatively charged MPN layers, thereby redu-
cing the adsorption of proteins (Fig. 14b and c). The acidic
environment of the tumor region activated magnetic resonance
imaging (MRI) contrast owing to the enhanced quantity and

This journal is © The Royal Society of Chemistry 2024

mobility of coordination water surrounding the Fe paramag-
netic center caused by the reduced coordination state of the
chelation complexes. The composite nanodots displayed photo-
thermal performance for suppressing tumor growth. Impor-
tantly, the nanodots accumulated in tumor sites via the
enhanced permeability and retention effect and were subse-
quently rapidly excreted via renal clearance (Fig. 14d and e).
Directly mixing polymers, phenolic ligands, and metal ions
presents a simple approach to assemble MPN composites, but
MPN composites can also be obtained by conjugating the
phenolic ligands to polymers, and then using the phenolic-
carrying polymers to chelate metal ions and functional compo-
nents to form MPN composites.'*® For example, caffeic acid
(CAF), a phenolic compound characterized by a carboxylic acid
moiety, was conjugated to an amine-functionalized PEG
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(a) Synthesis of MPN-PVP composites. CPNDs, coordination polymer nanodots. (b) TEM and (c) high-resolution TEM images of MPN-PVP
concentration at different pH values. Inset: Corresponding MRI images of

MPN-PVP composites at different pH values. (e) Relative MR signal value of tumor and main organs over time. (a)—(e) Adapted with permission from ref.
85. Copyright 2015, Liu et al. (f) Synthesis of fluorescent MPN composites using PEG—-CAFs. Adapted with permission from ref. 124. Copyright 2021,
American Chemical Society. (g) Underwater oil contact angles and (h) photographs of underwater oil droplets on the surfaces of pure PVDF and MPN—

PVDF composite membranes. (i) Effect of the TA and Fe**

concentration ratio on the separation performance of MPN-PVDF composite membrane.

(g)—(i) Adapted with permission from ref. 125. Copyright 2020, Elsevier B.V. (j) Schematic of the emulsion separation mechanism of MPN—-PSf composites.
Adapted with permission from ref. 126. Copyright 2021, Elsevier B.V. (k) Schematic of the formation mechanism and (1) flux of oil-in-water emulsions and

rejection rate of MPN—-PES/PVP composite ultrafiltration membranes. PPT refers to PES/PVP/TA. (m

) Water flux (W) and emulsified oil flux (E) of PES and

MPN-PVP/PES composite ultrafiltration membranes over five cycles. (k)—(m) Adapted with permission from ref. 127. Copyright 2022, Wiley-VCH GmbH.

polymer via amide formation, resulting in the formation of
polymerized caffeic amide (PEG-CAFs).">* This method offers a
convenient alternative for synthesizing customized PEG-based
phenolic macromolecules and shows potential utility in the
fabrication of MPN composite capsules. For example, fluores-
cent MPN composite capsules were synthesized using
PEG-CAFs, Fe**| and fluorescein isothiocyanate (FITC)-dextran
via templating, with potential for the delivery of drugs or
therapeutic nucleic acids (Fig. 14f). Furthermore, MPN-PNI-
PAAm composite capsules were prepared using Fe*" and o,wm-
biscatechol-functionalized PNIPAAm (biscatechol-PNIPAAm).
Biscatechol-PNIPAAm was synthesized by reversible addition—
fragmentation chain transfer polymerization using a symme-
trical trithiocarbonate chain transfer agent with two catechol
groups.®® Owing to the incorporation of PNIPAAm chains into
the capsule shell, the MPN-PNIPAAm composite capsules
demonstrated  reversible thermoresponsive  properties.
Upon exceeding the lower critical solution temperature (LCST),
PNIPAAm underwent a conformational transition from

10814 | Chem. Soc. Rev.,, 2024, 53, 10800-10826

water-swollen to dehydrated, leading to a reduction in the size
of the MPN-PNIPAAm composite capsules, concurrent with an
increase in shell thickness and a decrease in permeability. This
temperature-dependent permeability was modulated to enable
dynamic encapsulation and release of cargo. For instance, at
25 °C, 500 kDa FITC-dextran readily permeated the capsules. In
contrast, upon elevation of the temperature beyond the LCST,
FITC-dextran became encapsulated within the capsules as the shell
became impermeable. Subsequent reduction of the temperature
below the LCST prompted the release of the encapsulated FITC-
dextran as the shell returned to a permeable state. Such MPN-
PNIPAAmM composite capsules hold promise for applications in
vaccination and pulmonary delivery.

MPNs have been extensively used to modify the surface of
polymer membranes, particularly for separation (e.g., oil/water
separation, seawater desalination), catalysis (e.g., organic pol-
lutant degradation), and pollutant adsorption (e.g., dyes, heavy
metals)."*® Nano-composite membranes of Fe*'~TA@polyviny-

(PVDF) (MPN-PVDF composites) with

lidene fluoride

This journal is © The Royal Society of Chemistry 2024
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superhydrophilicity were designed via the assembly of Fe®*
and TA on PVDF membranes for oil-water separation
(Fig. 14g and h).">® The MPN-PVDF composite membranes
exhibited a separation efficiency of up to 99.5% for oil-in-
water emulsions owing to the hydrophilicity and roughness of
the MPN layer (Fig. 14i).

MPNs are compatible with a variety of assembly technolo-
gies such as electrospinning. For example, electrospun MPN
nanofiber membrane (i.e., polysulfone, PSf) composites demon-
strated superhydrophilicity in air and under oil, coupled with
underwater superoleophobicity, which facilitated the separa-
tion of oil-in-water mixtures and surfactant-stabilized oil-in-
water emulsions, achieving flux values of 6.5 x 10* and >6.0 x
10 L m~? h, respectively (Fig. 14j)."*® Moreover, these compo-
sites demonstrated a high recovery capacity (99.8%) and a high
oil rejection (99.9%).

MPNs can also control surface segregation behaviors during
nonsolvent-induced phase separation. For example, an Fe*'-
induced phase transformation strategy was employed in a one-
step method to prepare polyethersulfone (PES) ultrafiltration
membranes featuring an antifouling structure, which gener-
ated interfacially assembled MPN-PVP nanospheres in the PES
matrix (Fig. 14k).">” Antifouling properties were attributed to
concentration changes caused by distinct surface separation
behaviors exhibited by the hydrophilic additives PVP and TA
during the nonsolvent-induced phase separation process. The
MPN-PVP/PES composite ultrafiltration membranes showed
superhydrophilic and underwater superoleophobic perfor-
mance, and high separation efficiency, achieving a flux sur-
passing 1100 L m 2 h and a rejection rate exceeding 99.5% for
oil-in-water emulsion separation (Fig. 141). Notably, these com-
posites exhibited sustained performance, with the flux recovery
rate remaining at 90% after 5 cycles and 86% after 30 cycles
(Fig. 14m). Moreover, the porous MPN-PVP/PES composite
ultrafiltration membranes displayed self-cleaning properties,
suggesting that they meet the requirements for large-scale oil/
water separation applications.

4.3. MPN-biomacromolecule composites

Biomacromolecules are large biomolecules typically with mole-
cular weights higher than 1000 Da, such as proteins, many
nucleic acids, and various polysaccharides.’*® The biological
activity (e.g., enzymatic catalysis) of biomacromolecules is gen-
erally high under mild biological conditions but rapidly
decreases in harsh conditions (e.g., organic solvents or high
temperature). Furthermore, the direct recycling of biomacro-
molecules is typically complicated and time-consuming owing
to their high solubility, propensity to denature, and relatively
small size."*" Incorporating biomacromolecules into MPNs
can increase their recyclability and shield the biomacromole-
cules from denaturing conditions. In contrast to crystalline
MOF materials, MPNs afford the easy incorporation of bioma-
cromolecules with different sizes, shapes, and surface
charges via pre- or post-loading owing to the large pore size
distribution and diverse interactions of MPNs.*® Moreover, the
high permeability of MPNs can facilitate the diffusion of
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reactants through the composites without completely isolating
the biomacromolecules.

The assembly of functional MPN-biomacromolecule com-
posite nanoparticles can be readily accomplished in water by
mixing polyphenols, metal ions, and biomacromolecules.®®"*>
Assembly is primarily driven by the hydrophobic interactions
and coordination of metal-phenolic complexes, resulting in the
formation of uniform spherical nanoparticles, generally smal-
ler than 200 nm. Moreover, this method retains the function-
ality of the biomolecules (e.g., HRP and glucose oxidase) and
allows their use in various applications, including biocatalysis
and cancer therapy. This platform offers a streamlined
approach for engineering bioactive MPN composites.

A soft template method was developed to fabricate func-
tional MPN-biomacromolecule composite microcapsules by
depositing MPNs (Fe**-TA) on bovine serum albumin (BSA)
microbubbles (Fig. 15a)."** The application of heat and ultra-
sound increased the amount of B-sheet structures in BSA, thereby
enhancing the overall stability of the BSA-MPN microbubbles.
Furthermore, the synergistic interactions of TA and Fe*" increased
the percentage of short peptide chains connecting o-helix frag-
ments within BSA, which consequently reduced the shell resistance
of the BSA microbubbles, facilitating the release of gas contained
within the microbubbles (Fig. 15b-d). Notably, the BSA microbub-
bles were used as templates for generating other MPN composites
(e.g, Cu**~TA-BSA and Ni*-TA-BSA) and could transport func-
tional substances (e.g., magnetic nanoparticles, FITC, and tetra-
methylrhodamine isothiocyanate-dextran), demonstrating promise
for drug delivery (Fig. 15e).

The administration of certain peptides for therapeutic pur-
poses is challenged by their short half-life in the body, which
necessitates frequent injections to maintain the effective
concentration, in turn increasing the possibility for
complications.'®® The use of MPNs as protective coatings has
emerged as an effective strategy to address this issue. For
example, liraglutide (Lira) is a therapeutic peptide with a short
half-life (~13 h) that is used for treating Type II diabetes, and
frequent injections are required to maintain an effective drug
concentration in the blood."*® The encapsulation of Lira inside
MPNs (MPN-Lira composites) offered an effective strategy to extend
the release of Lira over 8 days in vitro in phosphate-buffered
saline.”*® The formation of MPN-Lira composites was driven by
hydrogen bonding between TA and Lira, and metal ions were then
added to cross-link the drug complexes and control their size. Both
free Lira and MPN-Lira composites effectively reduced the blood
glucose level (BGL) within the first 6 h. However, the BGL of the
mice dosed with free Lira rapidly rebounded in the next 36 h,
whereas the BGL of the mice dosed with MPN-Lira composites was
effectively maintained for the next 156 h owing to the slow release
of Lira from the composite system.

Targeted drug delivery is important for disease treatment. It
relies on specific recognition motifs, such as antibody-antigen
recognition, to precisely direct drug delivery vehicles to target
sites."”®” The metal ions of MPNs can direct the orientation of
antibodies on the MPN surface and achieve high antibody-
antigen recognition for targeting.''* For example, the targeting
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Fig. 15 (a) One-step synthesis of MPN-BSA composites. MBs, microbubbles. (b) CLSM, (c) atomic force microscopy, and (d) TEM images of MPN (Fe**—
TA)-BSA capsules. (e) Loading efficiency and loading content of MPN-BSA composites pre-encapsulating guests via covalent binding and physical
adsorption. (a)—(e) Adapted with permission from ref. 133. Copyright 2023, Wiley-VCH. (f) Synthesis of mesoporous MPN-protein (e.g., HRP, BHb, lgG,
and GOx) composites. (g) Comparison of protein loading of meso-MPN particles and SiO, particles. (h) Recyclability of meso-MPN particles. (f)—(h)
Adapted with permission from ref. 21. Copyright 2019, American Chemical Society. (i) Formation of MPN—coacervate composites. D10, polyAsp; R10,
polyArg. (j) SEM image of MPN—-coacervate composites. (k) Colloidal stability of coacervates and MPN—coacervate composites prepared with different
metal ions in phosphate buffer. Coa, coacervate. () Bright-field (top) and fluorescence microscopy (bottom) images of MPN—coacervate composites
loaded with IlgG-FITC. (i)—(l) Adapted with permission from ref. 134. Copyright 2023, American Chemical Society.

ability of MPN-antibody composites using Co>" was two times
higher than that of other metal-based MPN composites (e.g:,
Fe**, Ni**, Cu™, and Zn"). The higher targeting ability was
ascribed to the selective orientation of the antibodies on MPNs
mediated by the exposed Co”', rather than any increase in
the amount of antibody. The higher concentration of Co>"
exposed to solvent (compared with other metals) promoted
coordination binding with the histidine-rich fragment crystal-
lizable region of the antibodies, thus effectively anchoring the
antibodies to the MPN-coated nanoparticles. The MPN-
mediated assembly of oriented antibodies is expected to pro-
vide a facile way for modifying diverse particles for targeted
drug delivery.

Fibronectin (FN), which contains RGD (Arg-Gly-Asp) poly-
peptide sequences, is a promising targeting ligand for cancer
cells that have a high level of o,f; integrin expression, and this
sequence therefore offers opportunities to achieve targeted
drug delivery in cancer therapy.*® For example, MPN-

10816 | Chem. Soc. Rev., 2024, 53,10800-10826

DOX®@FN nanocomposites were prepared by the direct mixing
of TA, Fe**, and DOX to form MPN-DOX composites, which
were subsequently coated by FN via hydrogen bonding to allow
for targeted multimodal tumor therapy, including chemother-
apy and immunotherapy.”?® The MPN-DOX@FN composites
showed a pH-dependent release for both DOX and iron ions,
allowing for synergistic effects between iron-based chemoki-
netic therapy and DOX chemotherapy to lower the viability of
cancer cells. The administration of programmed cell death
ligand 1 (PD-L1) antibodies as a component of the immune
checkpoint blockade could augment the effectiveness of tumor
treatment and trigger a beneficial immune response. The
MPN-DOX@FN composites selectively targeted tumor cells that
had a high expression of «,B; integrin, while also demonstrat-
ing an r; relaxivity of 6.1 mM ' s™' owing to the presence of
iron, rendering them suitable for imaging tumors with T;-
weighted MRI. This multimodal delivery and targeting
approach offers potential for cancer treatment and diagnosis.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00273j

Open Access Article. Published on 04 October 2024. Downloaded on 1/19/2026 5:10:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

Porous materials hold significant scientific and industrial
importance, with those having ordered mesopores exceeding
20 nm in size being particularly promising for applications that
involve biomacromolecules and nanoparticles, such as drug
delivery."*® A templating strategy was reported to synthesize
ordered mesoporous MPN particles that could load and protect
biomolecules (Fig. 15f).>" Specifically, polystyrene-block-
poly(ethylene oxide)-assembled polymer cubosomes (PCs;
Im3m) were employed as templates to synthesize mesoporous
MPN (meso-MPN) particles, where large-pore (~40 nm) single
networks (Pm3m) were replicated by the in situ formation of
MPNs followed by dissolution of the PC templates with tetra-
hydrofuran. Various meso-MPN particles were designed using a
variety of phenols (e.g.,, EGCG and GA) and metal ions (e.g.,
Fe**, Cu®", and Zr*") and served as carriers for encapsulating a
wide range of biomacromolecules (e.g., HRP, bovine hemoglo-
bin (BHb), IgG, and glucose oxidase (GOx), Fig. 15g). For
example, the loading capacity for HRP was 486 mg g™, which
was ~3- and ~5-fold higher than the amounts loaded in the
SiO, particles with average pore sizes of 8 and 50 nm, respec-
tively. Notably, meso-MPN-HRP composite particles demon-
strated high catalytic activity (82% of the free enzyme) and
recyclability, with only a decrease of 13% in activity observed
over five cycles (Fig. 15h).

Coacervates formed from biomolecules (e.g., peptides,
nucleic acids) via liquid-liquid phase separation create
enclosed compartments that mimic cellular organization and
therefore offer a versatile platform for studying cell prototypes
and synthetic biology in general."*' However, membrane-free
coacervates are prone to coalesce and suffer from poor struc-
tural stability."*> MPNs are promising platforms for mimicking
cell membranes owing to their ability to self-assemble on the
surface of coacervates in biological environments and to endow
them with desirable properties, including cellular protection,
controllable permeability, and physicochemical stability. For
example, peptide coacervates emulating the cytoplasm were
coated by MPNs as a synthetic cell membrane."** Specifically,
polyarginine (R10) and polyaspartic acid (D10) formed coacer-
vates through liquid-liquid phase separation under physiolo-
gical conditions (Fig. 15i and j), and then the MPN membranes
made from TA and various metal ions (e.g., Fe**, Mg?*, and Cs")
were coated onto these coacervates, forming MPN-coacervate
composites. The MPNs provided the coacervates with long-term
colloidal stability and radical scavenging properties (Fig. 15k).
Moreover, MPN-coacervate composites could load diverse
cargo (e.g., IgG, GOx, and HRP) and undergo anabolic cascade
reactions (Fig. 151). The surface of MPN-coacervate composites
were postmodified with diverse functional ligands for targeted
drug delivery. This paradigm of MPN-coacervate composites,
featuring a synthetic membrane-bound cytoplasm, holds
potential for advancing research in biomimetic materials and
diverse biotechnological applications.

4.4. MPN-metal nanoparticle composites

Metal nanoparticles have distinctive physicochemical (e.g,
magnetic, catalytic, and optical) properties and have attracted
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broad use in the fields of physics, chemistry, materials science,
and biomedicine.'** However, metal nanoparticles can also be
prone to aggregation, owing to their high surface energy, which
can reduce activity.'** Consequently, precise manipulation of
nanoparticle size, shape, and dispersion is essential to achieve
optimal performance over extended periods of time. MPNs can
prevent nanoparticles from aggregating through spatial con-
finement, thereby maximizing the potential of metal nano-
particles for diverse applications, such as heterogeneous
catalysis, sensors, and antibacterial applications. Unlike
metal-organic frameworks, MPNs possess abundant unsatu-
rated coordination sites and can load higher amounts and
diverse types of metal nanoparticles. The encapsulation of
metal nanoparticles inside MPNs is achieved using two main
strategies: coating MPNs on preformed metal nanoparticles or
reducing metal salts to nanoparticles within MPNs.

The direct coating of MPNs on metal nanoparticles results in
core-shell composites and is generally achieved in two steps.
For traditional wet chemical methods, well-defined metal
nanoparticles are synthesized by reducing metal salts and
subsequently stabilizing them with surfactants (e.g., sodium
citrate)."*> Notably, polyphenols can directly reduce noble
metal ions (e.g., Au®", Pd*>*, and Ag") to form metal nanoclusters
under controlled conditions, where these nanoclusters are
stabilized by surface-bound polyphenols.’*® Polyphenol-
mediated metal nanoparticle synthesis offers a flexible and
environmentally friendly alternative to traditional methods,
which require separate reductants and surfactants, often using
toxic components. For instance, a mixture of polyphenols (e.g.,
TA, EGCG, and GA) with HAuCl, afforded the reduction of
HAuCl, to gold nanoparticles at room temperature. Subse-
quently, monodisperse MPN-gold nanoparticle composites
(~35 nm) were successfully synthesized by mixing the as-
prepared gold nanoparticles with Fe** and polyphenols.'**
The MPN shell played a key role in concentrating reactants
(e.g., 4-nitrophenol) around the gold nanoparticles through n-n
stacking interactions, resulting in improved catalytic perfor-
mance. The preparation of MPN-gold nanoparticle composites
for the reduction of 4-nitrophenol was also be achieved using
commercially available Fe powder. The resulting composite
displayed catalytic activity and could be recycled up to eight
times without a significant decline in catalytic efficiency
(Fig. 16a—c)."*’

The second approach of incorporating metal nanoparticles
into MPNs is by incubating preformed MPNs with metal salts,
facilitating in situ reduction and stabilization of the metal
nanoparticles. For example, MPNs incorporating diverse metal
nanoparticles, including palladium, silver, or gold, were synthe-
sized in an aqueous solution without using toxic chemicals or
complex procedures.'*® The synthesis conditions afforded pre-
cise control of the size of the formed metal nanoparticles,
which retained their high activity (e.g., catalytic or antibacterial)
and were recyclable. Similar MPN-silver nanoparticle compo-
sites were also used to visualize residual biomolecule patterns,
such as proteins, lipids, nucleic acids, and polysaccharides,
which are invisible to the naked eye (Fig. 16d).*” The resulting
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Fig. 16 (a) Schematic illustration of the synthesis of MPN—-gold nanopar-
ticle composites. (b) Relationship between In (C/Co) and reaction time to
estimate the effects of gold loading on catalytic efficiency. C, and Cg refer
to the concentrations of 4-nitrophenol at a specific time and at the initial
time, respectively. (c) Catalytic reduction of 4-nitrophenol by MPN—-gold
nanoparticle composites over eight cycles. (a)—(c) Adapted with permis-
sion from ref. 147. Copyright 2022, Elsevier B.V. (d) Schematic illustration
of the synthesis of MPN-silver nanoparticle composites to visualize
biomolecular patterns. AgNP, silver nanoparticle. (e) Digital photographs
of different biomolecular patterns. (f) Reflectance microscopy images of
fingerprint patterns. (d)—(f) Adapted with permission from ref. 47. Copy-
right 2019, Wiley-VCH.

patterns had high-fidelity and enhanced reflectance and
fluorescence attributes (Fig. 16e), which allowed identification
of latent fingerprints on diverse substrates (Fig. 16f). In addi-
tion, a simple strategy for creating a surface-enhanced Raman
scattering (SERS) sensor was devised by reducing gold nano-
particles on MPNs in situ."*® The MPN-gold nanoparticle
composites had a film-like structure with densely distributed
gold nanoparticles, which generated numerous “hot spots” and
achieved a SERS effect, exhibiting a limit of detection of as low
as 10~ "> M for 4-mercaptobenzoic acid. This sensor was used as
an ultra-sensitive SERS detector of biochemical components in
sweat and as a pH nanoprobe to monitor human electrolyte
metabolism.

4.5. MPN-oxide composites

Metal oxides, a class of compounds exhibiting tunable electri-
cal, magnetic, and optical properties, are crystalline solids
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consisting of a metal cation and an oxide anion held together
by electrostatic forces, and they play an essential role in various
applications.’®***! To further enhance their performance or
introduce new functionalities (e.g., increasing electrochemical
surface area and strengthening the oxygen evolution reaction
(OER)), metal oxides can be combined with other materials to
generate composites (e.g., MPN composites). In principle, the
synthesis routes for preparing MPN-metal oxide composites
are similar to those used for MPN-metal nanoparticle compo-
sites. The first route is via the direct interaction between MPNs
and metal oxides (e.g., TiO,, Fe,03, and ZnO). The mechanism
relies on the ability of two neighboring phenolic groups from
the catechol group to establish bidentate mononuclear chelate
complexes and/or bidentate binuclear bridge complexes with
these metal oxides.'>® The second route is via the generation
of a metal oxide inside MPN layers via oxidation or decomposi-
tion of the precursors."> Both routes offer advantages and
disadvantages.

MPN coating of metal oxide nanoparticles can be achieved
by transforming zeolitic imidazole frameworks (ZIFs; Fig. 17a)
into MPNs via ligand exchange." The MPN coating protects
the metal oxide core from harsh external environments and
increases its final performance by synergetic effects. For exam-
ple, the introduction of Co/Fe-based MPNs on the surface
of conductive Fe,O; resulted in approximately a four-fold
increase in the electrochemical surface area, and the MPNs
demonstrated potential as active sites for OERs (Fig. 17a).">*
Therefore, MPN-Fe,O; composites exhibited substantial
improvement in OER performance compared with pristine
Fe,O; and ZIF-Fe,0O; composites.

BiVO, is commonly used in photoelectrochemistry and is a
promising OER photoanode because of its narrow band gap
(~2.4 eV), favorable band edge position, and negligible
toxicity.">® However, it was reported that pristine BiVO, thin
films exhibited a much lower photocurrent density than their
theoretical limit of 7.5 mA cm ™2, which was attributed to electron—
hole recombination. Alternatively, producing MPN-BiVO, compo-
sites has been demonstrated as a strategy to enhance the OER
kinetics of BiVO, photoanodes.”””'*® Thermodynamically, the
photo-generated holes from BiVO, could be transferred directly to
the MPN (Co>*-TA) layer. These holes directly oxidized Co* to Co**
active sites, which subsequently directly oxidized H,O to O,. This
approach represents a strategy to prepare MPN composite cocata-
lysts to enhance the thermodynamic and kinetic properties of
photoelectrochemical water oxidation.'>

Nonmetal oxides, such as (porous) silicon dioxide (SiO,),
have emerged as key components in various fields, particularly
in biomedicine where the development of stimuli-responsive
coatings on mesoporous silica nanoparticle (MSN) surfaces has
been used to prevent the leakage of functional cargo.'®®'!
Achieving precise control over the response of coatings to
specific stimuli is essential, particularly in the design of intri-
cate systems with targeting behavior. For example, the perme-
ability of MPNs can be precisely tuned to achieve specific
responses by varying the type of metal ion and its related
stoichiometry.'®®> Furthermore, by co-loading photoacid

This journal is © The Royal Society of Chemistry 2024
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Fig. 17 (a) Schematic illustration of the synthesis MPN—-Fe,O3 compo-

sites. Adapted with permission from ref. 154. Copyright 2019, Royal Society
of Chemistry. (b) and (c) Gating activity and adhesion of TA and TA-Cu?*
complexes on the surface of MSN. (b) Schematic and (c) mechanism of
decomposition of MPNs (Cu?*—TA) by photoacid generators (PAGs) in
MPN-MSN composites. (b) and (c) Adapted with permission from ref. 155.
Copyright 2017, Wiley-VCH.

generators (e.g., 2-nitrophenyl acetate) inside porous sub-
strates, MPN composites achieved UV responsiveness
(Fig. 17b and c)."*® Overall, the combination of porous silica
oxides with MPNs may provide avenues for designing smart
carrier systems for controlled release.

4.6. MPN-biological entity composites

Biological entities (e.g., cells, bacteria, and viruses) play an
essential role in various biological processes but are generally
sensitive to the surrounding environmental conditions (e.g:,
solvent, pH, temperature).’®® MPNs can create a physical bar-
rier between biological entities and the surrounding environ-
ment, which increases the viability and tolerance of the
biological entities to harsh conditions, including UV radiation and
toxins."'”**#1%> Concurrently, the high permeability of MPNs
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allows nutrient and reactant exchange, enabling the composites
to act as efficient bioreactors. For example, under the protection of
a selectively degradable MPN (Fe®*-TA) synthetic shell, individual
Saccharomyces cerevisiae were protected from various external
threats (e.g;, UV-C radiation, lysozyme, and silver nanoparticles)
(Fig. 18a and b).'®® In addition, the MPNs prevented cell prolifera-
tion, acting as an artificial sporulation system, as cell proliferation
was recovered after shell degradation.

The strategy of forming MPN-biological entity composites
can also be applied to protect individual probiotic cells from
external factors (e.g., antibiotics) and promote microbial ther-
apy (e.g, amelioration of antibiotic-associated diarrhea
(AAD))."**'®” For example, an MPN single-cell coating of TA
and Fe*" was demonstrated to protect both Gram-positive and
Gram-negative bacteria against the effects of six clinically
relevant antibiotics, and its diverse interactions with antibiotic
molecules resulted in the effective adsorption of the antibiotics
into the MPN (Fig. 18c-¢)."®” MPN-bacteria composites could
colonize the gastrointestinal tract of levofloxacin-treated rats, which
markedly reduced levofloxacin-induced AAD and alleviated some
pre-inflammatory symptoms associated with AAD. Notably, the
protective MPN coating ruptured rapidly under acidic conditions,
making it suitable for the oral delivery of probiotics to the gastro-
intestinal tract while retaining bacterial activity. This strategy offers
an opportunity to develop progressive bacterial therapeutics for
addressing a wide range of diseases.'®*

Photosynthetic microalgae have become a key player in
converting CO, into various biochemical components. There-
fore, regulating microalgae behavior, such as spore formation
and germination, is essential for enhancing the yield of
valuable metabolites (e.g., proteins, carbohydrates, and
carotenoids).’®® The permeable and cytoprotective nature of
MPNs enables the encapsulation of microalgae while maintain-
ing their high viability, which can be used to engineer artificial
microbial spore formation'’® and control germination and
motility. MPN-microalgae composites display precisely regu-
lated cell behaviors."®® For example, MPN shells were deposited
on the surface of Euglena gracilis (Eug) through the one-step
coordination of TA and Fe** in a biological buffer to form MPN-
microalgae composites (Eug@MPN,, where x represents the
number of MPN coating cycles) (Fig. 18f). The MPN shells
minimally influenced the viability and photosynthetic activity
of the encapsulated microalgae (Fig. 18g) and significantly
modulated the proliferation rate of microalgae cells (Fig. 18h and
i). Notably, the MPN shell of the MPN-microalgae composites
disassembled in acidic conditions or upon exposure to specific
chemical stimulus (e.g;, a chelator), allowing rapid degradation
(<1 min) of the MPN shell and subsequent revival of the dormant
microalgae, which played a pivotal role in controlling the motility of
the microalgae (Fig. 18j). Furthermore, MPN-microalgae compo-
sites were resistant to environmental stress, including toxic metal
ions and antibiotics (Fig. 18k).

4.7. MPN composites with other functional materials

Other functional entities, including carbon materials, nano-
structured hybrid materials (e.g., crystalline MOFs), and
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microneedles, have also been explored to construct MPN
composites with new functionalities or enhanced
performance."”"'”> For example, the energy-storage mecha-
nism of carbon nanotubes (CNTs) typically relies on the elec-
trical double layer, largely constraining their capacitance.
Accordingly, MPNs have been introduced to provide additional
high pseudo-capacitance, while the CNTs serve as the conduc-
tive substrate for energy-storage applications (Fig. 19a)."”" The
mechanical strength of the composites was 17-fold higher than
that of the CNTs owing to the strong metal-ligand coordination
in the composite. In addition, the MPN-CNT composites
exhibited high flexibility and volumetric capacitance, highlight-
ing their potential as energy devices for wearable electronics
(Fig. 19b).

Crystalline MOFs are organic-inorganic hybrid materials
that have gained significant attention owing to their distinctive
characteristics (e.g., high specific surface area, high porosity,
and rich chemical tunability). However, when crystalline MOF
nanoparticles are incorporated into substrates, issues of MOF
particle aggregation and poor interfacial interactions arise,

10820 | Chem. Soc. Rev, 2024, 53, 10800-10826

which can lead to nonselective voids and compromise MOF
selectivity and structural stability.'™'”* MPN interfacial layers
can eliminate these nonselective voids through the interactions
between the MPN, crystalline MOF and substrates, thereby
enhancing performance.'’>'”> Accordingly, MPN-crystalline
MOF composite coatings on polymer membranes have wide
applications in filtration and separation. For example, an MPN-
crystalline MOF composite membrane was fabricated by incor-
porating hollow MOFs into MPNs via an aqueous deposition
approach, which led to significantly improved permeability for
different organic solvents without sacrificing the rejection
performance (Fig. 19c).'"”® In particular, the methanol
permeability of the MPN-MOF composite membranes was
24.7 L m~?> h™" bar ', significantly outperforming that of pure
MPN membranes (9.1 L m™> h™" bar ', Fig. 19d). Various
composites of other crystalline MOFs were also prepared and
all exhibited varying degrees of performance enhancement.
Superhydrophilic films with underwater superoleophobicity
were designed and prepared by alternately assembling Ti*'-TA
network multilayer membrane and ZIF-8 nanocrystals on a

This journal is © The Royal Society of Chemistry 2024
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2017, Wiley-VCH. (c) Schematic of the synthesis of MPN-MOF composite
membranes. (d) Comparison of the properties of MPN-MOF composite
membranes and membranes in the literature. (c) and (d) Adapted with
permission from ref. 173. Copyright 2022, Elsevier B.V.

microfiltration membrane substrate.'’® By integrating their

respective advantages of hydrophilicity and hierarchy, the
assembled MPN multilayer membrane and ZIF-8 nanocrystal
produced a hydrophilic hierarchical structure. The multilayer
MPN-MOF composite films showed superhydrophilicity,
underwater superoleophobicity, and anti-oil adhesion perfor-
mance. These properties were beneficial for the rapid penetra-
tion of water, achieving high efficiency in separating oil and
water and high permeability across various oil/water emul-
sions. In addition, the prepared superhydrophilic and under-
water superoleophobic membranes had good recyclability and
antifouling performance, offering significant potential for their
practical application in wastewater treatment.

5. Conclusions and perspectives

In this tutorial review, we provided an overview of the multi-
faceted landscape of MPN composites, covering the building
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blocks of MPNs, the fundamental aspects of MPN composites,
and the advances of MPN composites by focusing on the
incorporated functional elements. We now aim, from our
perspective, to provide some directions for the future of the
field. The versatility in building block choice and assembly
conditions of MPNs has made them promising for forming
composites, particularly when considering their universal
adherence and amorphous nature. Although a wide variety of
composites have already been engineered and studied, there
are countless variations that can be created in attempting to
address scientific and application-focused challenges. Below,
we highlight a few materials, design strategies, and gaps in the
literature that should be particularly interesting for future MPN
composite research.

Materials of interest

Commercial polyphenols are primarily sourced from natural
plants (e.g., gallnuts), where multiple phenolic ligands often
coexist, which can restrict the ordered arrangement of the
coordination network and consequently impact the properties
of the MPN composites. Exploring highly efficient strategies to
extract and purify biomass-derived phenolic ligands with fewer
by-products would help provide a deeper understanding and
the specific engineering of metal-phenolic coordination chem-
istry. Moreover, only a small fraction of polyphenol types have
been used to date, thus exploring additional natural and
synthetic phenolic ligands that feature desired functionalities
(e.g., conductivity, therapeutic effects) holds promise for var-
ious applications across diverse fields.

The number (and diversity) of functional components that
have been incorporated into MPNs is also considerably fewer
than those examined with other metal-organic systems such as
crystalline MOFs. Exploring the incorporation of new func-
tional components (e.g., quantum dots, halide perovskites) is
expected to expand the library and potential of MPN compo-
sites and extend the synergies between MPNs and other func-
tional materials. Components with specific optical, electrical,
and catalytic properties are yet to be extensively explored in
combination with MPNs, and the tunable redox properties and
optical properties offer diverse opportunities to engineer
performance.

A distinct benefit of MPNs is their mild synthesis conditions
that are generally applied to biological entities—an area of
intense interest for MPN composites. However, there is a range
of biological entities that have not been incorporated with
MPNs, and which are yet to be examined. There is still a need
to move beyond studies that simply demonstrate that MPNs are
protective. Using genetically engineered organisms, synthetic
biology, and other emerging approaches should further expand
the potential of MPN composites in biotechnology applications.

Notably, many practical applications require multiple prop-
erties and functionalities to be included in a single composite
(e.g, efficient drug delivery requires imaging, targeting, and
responsive release). Therefore, the inclusion of numerous
functional components within MPNs is expected to realize
these applications. Moreover, functional components that
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produce triggers can then change MPNs or trigger a response.
This requires a more in-depth analysis of the various compo-
nents and the different ways that they can interact.

Finally, creating nanostructured materials using MPN com-
posites as precursors offers a means to engineer functional
materials with different properties.'”” For example, the thermal
transformation of MPN composites allows their carbonization
into multi-metal-doped carbon materials, offering promise for
applications ranging from environmental remediation to cata-
lysis. This strategy could also potentially be applicable to
creating composites based on metal oxides, metal chalcogen-
ides, and metal phosphides. Exploring how the MPN composite
properties (e.g., pore size, metal density, ligand length) influ-
ence the final materials will further allow for the rational
design of 2D and 3D functional materials.

Design strategies

Processing composites into functional structures on the macro-
scopic scale (e.g., membranes, monoliths) is generally challen-
ging yet required for the practical applications of most
materials. The mild synthesis conditions involved in forming
MPN composites and the amenability of MPNs to a wide range
of solvents offer a variety of routes for processing MPN compo-
sites. For example, the use of MPN composites in innovative
manufacturing techniques (e.g., 3D bioprinting) will offer a
range of new opportunities.

Tuning the porosity of MPN composites could enhance their
performance by controlling how reagents diffuse in and out of
the composites for target applications. Engineering the pore
size and geometry are central research topics for crystalline
MOF composites and have led to significant increases in their
surface area over the past three decades.'”® The pore size of
MPN composites can be tuned by adjusting the metal-to-ligand
ratio, precursor type and concentration. However, fabricating
MPN composites that feature micropores, narrow pore size
distributions, or high surface areas remains challenging, yet
essential for separation and energy applications.

MPNs display a wide range of interactive forces but hydro-
gen bonding, chelation, and hydrophobic interactions are
primarily used in their assembly. Other interactions (e.g., m-
anion interactions) and careful planning related to which
interactions should be used to govern the specific properties
of composites (e.g., stability, responsiveness, photon or elec-
tron transport) should allow for efficiency gains in already
existing MPN composites and the design of new composites.

Gaps in the literature

As MPNs are amorphous and display a wide range of interactive
forces, there are significant gaps in the literature relating to the
structure and properties of MPNs by themselves and MPN
composites, when compared to materials such as crystalline
MOFs. Therefore, significant research, novel characterization
techniques, and advanced techniques, such as synchrotron
radiation, are all needed to uncover fundamental understand-
ing related to MPNs and their interactions. Moreover, simula-
tions and modeling of the energetics involved, assembly
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processes, and response to stimuli can provide avenues for
the rational design of MPN composites. The integration of
machine learning into MPN composite design is also expected
to accelerate the discovery and optimization of emerging MPN
composites. Conventional methods of exploring new compo-
sites often rely on empirical approaches, which require
extensive experimental work to obtain MPN composite materi-
als with desired properties. Machine learning models have
facilitated the development of crystalline MOF materials."””
Therefore, such high-throughput computation provides oppor-
tunities to extensively evaluate metal ions and phenolic ligands
for predicting or generating MPN composite materials for
specific applications.

We anticipate that MPN composites will play a pivotal role in
shaping the landscape of composite materials and advanced
technologies, as a handful of MPN composites are already on
the market. Continuous study and development will lead to
groundbreaking advances in various scientific fields and indus-
trial applications.
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