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Abstract

Metal-phenolic networks (MPNs), which comprise supramolecular amorphous networks formed by interlinking
polyphenols with metal ions, garner escalating interest within the realm of nanomedicine. Presently, a comprehen-
sive synthesis of the cumulative research advancements and utilizations of MPNs in nanomedicine remains absent.
Thus, this review endeavors to firstly delineate the characteristic polyphenols, metal ions, and their intricate interac-
tion modalities within MPNs. Subsequently, it elucidates the merits and demerits of diverse synthesis methodologies
employed for MPNs, alongside exploring their potential functional attributes. Furthermore, it consolidates the diverse
applications of MPNs across various nanomedical domains encompassing tumor therapy, antimicrobial interven-
tions, medical imaging, among others. Moreover, a meticulous exposition of the journey of MPNs from their ingress
into the human body to eventual excretion is provided. Lastly, the persistent challenges and promising avenues per-
taining to MPNs are delineated. Hence, this review offering a comprehensive exposition on the current advancements
of MPNs in nanomedicine, consequently offering indirect insights into their potential clinical implementation.
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Graphical Abstract

Introduction

Nanomedicine comprises a multidisciplinary area of
study that has emerged in recent decades, primarily
involving the use of engineered nanocarriers to trans-
port nanodrugs for preventing, diagnosing, and treat-
ing diseases to achieve medical benefits [1-3]. Presently,
nanomedicine utilizes nanomaterials that encompass
both organic substances (e.g., liposomes) and inorganic
substances (e.g., metal nanoparticles). These nanomate-
rials have sizes ranging from 1 to 1000 nm and exhibit
diverse shapes such as spherical, tubular, and rod-shaped,
among others [4-6]. When compared to traditional
drugs, nanodrugs and their carriers offer several distinct
advantages. These include the ability to effectively pen-
etrate biological barriers, transport hydrophobic drugs,
bind with bioactive molecules like DNA and proteins,
target specific disease sites, improve the absorption of
oral medications, and possess unique physicochemical
properties such as particle size and surface modification
[7, 8]. By leveraging these advantages, nanomedicine
offers a diverse array of uses, such as drug delivery, dis-
ease diagnosis and imaging, biomarkers, and regenerative
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medicine, among others [3, 9]. Despite its vast potential,
nanomedicine still faces several limitations and chal-
lenges, including effective drug delivery to diseased areas
(e.g., solid tumors),characterization analysis of compos-
ite nanomaterials, large-scale production of nanomateri-
als, and the pharmacology and biosafety of nanomaterials
[10, 11]. Hence, it is imperative to prioritize the devel-
opment of nanomaterials that are safer, more effective,
capable of accurately targeting desired sites, and readily
producible to propel the progress of nanomedicine and
enhance human well-being.

Polyphenols comprise a class of organic compounds
with multiple phenolic hydroxyl groups that are com-
monly found in different types of food and have various
functions, including anti-inflammatory, antioxidant, and
antibacterial properties, among others [12, 13]. Moreo-
ver, the existence of pyrogallol groups in polyphenol mol-
ecules enables them to create complexes with different
kinds of metals, including transition metals and metal
salts, when in a liquid state [14]. Due to these properties,
there has been a growing research interest in the poly-
phenol-containing structures [15-17].
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Metal-Polyphenol Networks (MPNs), which comprise
supramolecular amorphous networks formed by inter-
linking polyphenols with metal ions, have gained signif-
icant attention in the field of polyphenol studies due to
their exceptional physicochemical properties [18]. In this
context, studies conducted by Caruso et al., at the Uni-
versity of Melbourne demonstrated that natural polyphe-
nols and metal ions have the ability to rapidly chelate on
various solid surfaces and self-assemble into supramo-
lecular three-dimensional network structures [19, 20].
Contrary to metal-free polyphenolic nano assemblies,
MPNs highly benefit from the synergistic interaction
between the metal ions and polyphenols that constitute
their structure; As a result, they demonstrate superior
functional properties [21]. The attributes of metal ions
also enable the advancement of numerous optimal mate-
rials, in which different metal ions frequently introduce
entirely distinct functionalities.

Due to these structural characteristics, MPNs possess
several advantages over other nanomaterials. In con-
trast to Metal Organic Frameworks (MOFs), MPNs are
synthesized using simpler and more environmentally
friendly methods, while MOFs typically require more
stringent conditions and result in higher expenses [19,
21]. Furthermore, MPNs exhibit greater efficacy in appli-
cations such as tissue regeneration, photothermal con-
version, and conferring specific magnetic properties, in
comparison to MOFs [22, 23]; Moreover, the phenolic
hydroxyl in the organic ligands of MPNs enable effective
adsorption onto substances with any topographic char-
acteristics [18, 24, 25]; Additionally, metal ions in MPNs
provide supplementary functionalities such as medical
imaging, photothermal conversion, and antimicrobial
properties, which is in contrast to pure polyphenolic sub-
stances [26—29]; Furthermore, when compared to other
nano-composite materials, the MPNs demonstrate disso-
ciation of metal ions from polyphenols at low pH levels,
while maintaining stability under normal physiological
conditions. This stability allows MPNss to circulate within
the body for extended periods of time and enables tar-
geted drug delivery. MPNs are a category of materials
that have great potential in the field of nanomedicine.

So far, reviews about MPNs have predominantly
focused on their use in specific areas of nanomedicine,
like tumor therapy and antimicrobial applications [30,
31], or examined the development and applications of
MPNs in nanomedicine using specific types of poly-
phenols or metal ions [32, 33]. Correspondingly, there
has been a lack of comprehensive reviews that sum-
marize the overall progress and practical uses of MPNs
in the field of nanomedicine. Hence, this review aims
to provide a comprehensive overview of the structural
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characteristics, synthesis techniques, and functional
attributes of MPNSs, as well as their diverse applications
and biological outcomes in the field of nanomedicine.
Firstly, we introduce the typical types and functional
attributes of the various constituents (polyphenols,
metal ions) found in MPNs, as well as the nature of
their combinations. Subsequently, we outline the con-
ventional techniques used for assemblies MPNs. In
addition, we provide concise overview of the functional
properties of different MPNs, such as their adhesive-
ness, responsiveness to changes in pH, ability to escape
from lysosomes, photothermal conversion propri-
ety and so on. This is followed by a compilation of the
diverse applications of MPNs in various nanomedical
disciplines. Thereafter, we review the typical biological
pathways of MPNs within the body. Finally, we examine
the existing constraints on research regarding MPNs
and propose potential avenues for future investigations.
Overall, this review offers a comprehensive overview of
the design, preparation, application, biological fate, and
potential of MPNs in the field of nanomedicine, with
the aim to provide novel insights for future research
and promote successful clinical implementation.

Metal-phenolic networks

Polyphenols

The classical definition of polyphenols is that “Only
substances bearing a large enough number of di- and/
or trihydroxyphenyl units, by virtue of either their oli-
gomeric nature or the multiple display of these phe-
nolic motifs in their monomeric forms, can fit the
definition as long as they remain soluble in water” [12].
There exists a multitude of common methodologies for
the classification of polyphenols, including categoriza-
tion by molecular weight, source of the substance, and
chemical structure, among others. Firstly, classifica-
tion by molecular weight can be subdivided into: high-
molecular-weight polyphenols, which refer to those
with a molecular weight between 500 and 4000 Da and
containing 5-7 phenolic rings per 1000 Da [12], and
low-molecular-weight polyphenols generally referring
to those with at least two hydroxyl groups or more than
one phenolic ring in their structure [31]; Secondly, clas-
sification by chemical structure differentiates polyphe-
nols into flavonoids, phenolic acids, stilbenes, lignans,
and other classes [34]; Thirdly, classification by source
divides polyphenols into natural polyphenols and syn-
thetic polyphenols. To facilitate a better understanding
of the function and application prospects of polyphe-
nols in MPN nanomedicine, we will elaborate on the
current common types of polyphenols based on their
source, along with their functional characteristics.
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Natural polyphenols

Natural polyphenols are secondary metabolites derived
from plants, typically containing one or more phenolic
rings in their structure, providing protective roles against
oxidative damage [35]. Besides, the biological activities
of natural polyphenols include anti-inflammatory, anti-
cancer, cardioprotective, neuroprotective, and anti-aging
effects [36]. Common natural polyphenols include tannic
acid (TA), quercetin, resveratrol, curcumin, tea polyphe-
nols, and gossypol, among others (Table 1).

Tea polyphenols are the principal active components
found in tea, primarily comprising catechins, antho-
cyanins (ACN), and other polyphenolic compounds.
Catechins account for 60—-80% of tea polyphenols and
are categorized into four types: epicatechin (EC), epi-
catechin gallate (ECG), epigallocatechin (EGC), and
epigallocatechin gallate (EGCG) [37]. Predicated
upon their chemical structure, catechins are predomi-
nantly recognized for their antioxidant activities [38].
There has been considerable research demonstrating
that catechins play a crucial role in anti-inflammatory
processes, prevention of cardiovascular diseases, and
cancer therapy [39, 40]. Another class of tea polyphe-
nols, anthocyanins, also exhibit significant free radical

Table 1 The structure and application of classic natural polyphenols
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scavenging and antioxidant activities [41]. Further
investigations have revealed that anthocyanins can sup-
press cancer cell viability and induce apoptosis, thereby
manifesting their anti-cancer effects [42].

TA, a weakly acidic polyphenol that includes digal-
loyl esters, is divided into hydrolysable and non-
hydrolysable tannins [43]. As an important member of
the natural polyphenol family, TA has a wide range of
applications. Studies suggest that TA can protect mega-
karyocytes from apoptosis induced by ionizing radia-
tion and inhibit changes in mitochondrial membrane
potential by reducing the production of reactive oxygen
species (ROS) [44]. In addition to its role in scaveng-
ing oxygen radicals, TA has been shown to suppress the
growth of various cancers [45]. For instance, the Huang
group discovered that TA inhibits bladder cancer cell
proliferation by weakening the phosphorylation levels
of Protein Kinase B [46]. Concerning lung cancer, it
was found that TA could diminish the sphere-forming
ability of lung cancer cells, influencing their stemness
while simultaneously reducing the expression of can-
cer stem cell markers (SOX2, OCT4) [45]. Moreover,
TA has a broad application in antimicrobial settings
[47]. In this context, Sileika et al.,has demonstrated
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that polycarbonate surfaces modified with TA exhibit a
strong bactericidal effect on Staphylococcus aureus and
Pseudomonas aeruginosa [15].

Quercetin, a member of the natural polyphenol fam-
ily, possesses various pharmacological functions such as
antioxidant, anti-cancer, and anti-aging effects. Studies
by Gao has found that quercetin can mitigate acute kid-
ney injury by inhibiting ferroptosis through the reduc-
tion of malondialdehyde and lipid reactive oxygen levels
[48]. In cancer therapy, quercetin has been reported to
promote apoptosis in breast cancer cells and enhance
their sensitivity to chemotherapy drugs like doxorubicin
(DOX) [49, 50]. Notably, quercetin also exerts cardiopro-
tective effects through inhibiting low-density lipopro-
tein oxidation, promoting vasodilation, and reducing the
presence of adhesion molecules [51].

Resveratrol, a naturally potent antioxidant polyphenol,
is an active component in the infamous "French para-
dox"—the observation that the French suffer a relatively
low incidence of coronary heart disease despite a diet
rich in high-fat foods and red wine [52]. Additionally,
resveratrol has shown excellent antimicrobial activity,
not only exhibiting antibacterial activity against a vari-
ety of bacteria but also enhancing the bactericidal capa-
bilities of other antibiotics [53]. Other studies have found
that resveratrol can inhibit lipopolysaccharide-mediated
periodontal inflammation and activate antioxidant sys-
tems to prevent alveolar bone loss [54]. As an anti-cancer
agent, resveratrol is also effective in various human can-
cers, inhibiting their growth [55]. For example, it is found
that resveratrol suppresses the migration and invasion of
colorectal cancer in vivo and in vitro by inhibiting TGE-
Binduced epithelial-mesenchymal transition [56].

In addition to the polyphenols mentioned previously,
natural polyphenols such as Curcumin, Gossypol, Hispo-
lon, Ellagic acid (EA), gallic acid (GA), and others, have
proven to be of great importance in the biomedical field
due to their antioxidant, antimicrobial, and antitumor
activities [57-63].

Artificial polyphenols

Despite the biological activities of natural polyphenols,
such as their antioxidant and anti-tumor effects, their
bioavailability and stability are rather unsatisfactory. The
instability of natural polyphenols often influences their
absorption and metabolic cycle, ultimately resulting in
reduced bioavailability. Generally, only about 5-10% of
natural polyphenols are absorbed in the small intestine,
with the remainder being excreted with feces [64]. Addi-
tionally, the digestibility of natural polyphenols can affect
their functional properties. For instance, polyphenols
that are easily decomposed usually have a more signifi-
cant effect during gastrointestinal digestion [65].

Page 5 of 35

Given the limitations of natural polyphenols, synthetic
polyphenols have become a focus of research. The main
research directions for synthetic polyphenols include
modification of polyphenols and the construction of
composite polyphenolic components. Common covalent
modification methods for polyphenols are hydroxyla-
tion, glycosylation and among others [66]. Both hydroxy-
lation and glycosylation have been proven to effectively
enhance the bioavailability and biological activity of
polyphenols. The hydroxylation of polyphenols can yield
various hydroxylated products depending on the reac-
tion conditions (e.g., polyphenol oxidase, etc.) to obtain
ortho-hydroxyphenols, or para-hydroxyphenols. In con-
trast, the synthesis of glycosylated polyphenols is typi-
cally achieved by coupling polyphenols with nucleotide
di-phosphate (NDP)-sugars through metabolic engineer-
ing in modified cells [67].

Beyond various modifications of natural polyphenols,
polyphenolic molecules can also be anchored onto vari-
ous substances to form functional polyphenolic compo-
nents. A common method involves the amide coupling
reaction to combine polyphenolic compounds with
polyethylene glycol (PEG) structures [68, 69]; Moreover,
polyphenols can be conjugated with several natural mac-
romolecules, such as hyaluronic acid and alginate [70].
Lastly, one research direction of functional polyphenolic
components includes combining polyphenols with vari-
ous chemotherapeutic drugs to enhance the biological
distribution and efficacy of the medications. For exam-
ple, the Messersmith research group conjugated the anti-
cancer drug bortezomib with catechol for the specific
targeting of tumors [71]. Although there are a variety of
synthetic and modification methods for synthetic poly-
phenols, the principle remains to utilize the properties of
polyphenols to enhance their bioavailability and biologi-
cal activities.

Metal ions

Metal ions are not only essential trace elements required
by the human body but are also increasingly being uti-
lized in disease diagnosis and treatment. In terms of
maintaining bodily functions, metal ions are involved
in intercellular communication, maintaining electrical
charges and osmotic pressure, electron transfer, and the
regulation of DNA transcription and other fundamental
physiological activities [72]. In the diagnosis and treat-
ment of diseases, metal ions can exert different therapeu-
tic effects based on their unique properties and may also
impact the body due to their intrinsic systemic toxicity
[73]. The application of metal ions in the field of nano-
medicine is exceptionally broad, primarily encompassing
tumor therapy, antimicrobial action, bone regeneration,
and angiogenesis [30, 74-76].
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Metal ions are crucial components of MPNs, includ-
ing transition elements or lanthanide metals such as
Fe!'™, AI'™, zn'™, Cu'™, and Ag". Iron-based metal
phenolic networks are one of the most common types
and are currently used extensively in tumor-related
research. Compared with other iron-based nano com-
ponents, iron-based metal phenolic networks possess
stronger catalytic abilities for Fenton reactions, releasing
more hydroxyl radicals to efficiently kill tumor cells [77].
Besides iron-based MPNs, other metal-based MPNs(with
metal ions like Cu™, Mn™, Ni'™, Gd"™, etc.) can also
play various roles in nanomedicine [78].

The coordination of polyphenols and metal iron

Current research has revealed that within MPN, poly-
phenols can coordinate with metal ions in many ways,
predominantly including Cation—m Interaction, Coor-
dination Bonding, Redox Reaction, and Dynamic Cova-
lent Bonding (Fig. 1) [79]. The Cation — it interaction was
first discovered by Dougherty and others, who found
that electron-rich m systems such as those in tyrosine
and tryptophan can provide effective binding sites for
alkaline metal ions [80]. This interaction occurs when
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alkaline metal ions bind with the aromatic rings in poly-
phenols, and since Cation—mt is a type of electrostatic
interaction, the aromatic groups in polyphenols with
different electron densities will affect the strength of the
bond. Furthermore, the strength of Cation—m bonding
with different metal ions varies; typically, the strength
of the bonding with alkaline metal ions (Li'"*, Na'™*, K'*)
is greater than that with transition metal ions (Ag"* and
Cu'™) [81]. Another mode of interaction between metal
ions and polyphenols is Coordination. This involves two
or more polyphenolic ligands donating electron pairs to
the vacant orbitals of metal ions to form a bond. In this
bonding mode, the structure of the metal ions often
determines the color of the MPN. Redox interactions are
commonly seen with noble metal ions binding to poly-
phenols. Noble metal ions can oxidize the catechol part
of polyphenols into semiquinone/quinone forms [82—
84], and they can also be reduced to the metallic state
by accepting electrons from polyphenols. The oxidized
polyphenols can stabilize metal nanoparticles [85-87].
Dynamic Covalent Bonding is also a way for metal ions
to bind with polyphenols. Metalloids, having both metal-
lic and non-metallic physicochemical properties, with
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Fig. 1 The interaction methods between metal ions and polyphenol. Various colors represent distinct ways in which metal ions and polyphenols

interact. This figure was drawn by biorender.com
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typical elements being B, Si, etc., have been found by
Hartmann and others to have a high affinity for phenolic
compounds, with which they can form covalently bonded
networks [88].

Owing to the high affinity of polyphenolic materials
and the specific physicochemical functionalities of metal
ions, MPNs can often form multifunctional nanoplat-
forms on various interfaces [26, 89]. The properties and
functionalities of MPNs formed by different metal ions
and various polyphenolic substances also vary [90-95].

The fabrication methods of MPN

The synthesis of MPNs is characterized by its simplicity,
speed, and environmental friendliness, when compared
to the synthesis processes of other nanomaterials. The
process of MPN assembly can be described as follows: By
means of basic physical mixing, positively charged metal
ions chelate with the electron-rich phenolic hydroxyl
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groups found in polyphenols (the degree of this chela-
tion is influenced by external factors, such as tempera-
ture, pH, etc.). Following chelation, the metal ions and
polyphenols undergo spontaneous aggregation, resulting
in the formation of particles with a wide range of sizes,
spanning from nanometers to micrometers. This section
provides a concise overview of various prevalent assem-
bly methods employed for MPNs, elucidating their dis-
tinct procedures and advantages.

Direct self-assembly

The direct self-assembly of MPNs can be classified into
one-step synthesis and multi-step synthesis methods
(Fig. 2A) [18]. The one-step synthesis method is the most
direct and commonly employed approach in the fabri-
cation of MPNs. In 2013, Caruso et al., documented the
successful assembly of MPNs using a one-step approach
[19]. This involved combining TA with Fe'* ions in a
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Fig. 2 The fabrication methods of the MPN. A Direct self-assembly of MPN. Reproduced with permission from Ref. [18]. Copyright 2017, Elsevier. B
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solution that contained a template. The process entails
the adsorption of a fraction of TA molecules onto the
surface of a polystyrene template, while another fraction
undergoes a reaction with Fe™ to generate Fe''*-TA
complexes. These complexes subsequently deposit onto
the template, resulting in the formation of a layer with a
thickness of approximately 10 nm. Owing to the intrinsi-
cally strong adhesion properties of polyphenols, various
substances including polystyrene, mesoporous silica [96],
CaCao3 [19], MOFs [97] and others, can function as sub-
strates for the one-step method. Furthermore, the surface
potential of the templates has no bearing on the self-
assembly of metal ions with polyphenols, which eventu-
ally results in a negative surface potential. Thus, one-step
synthesis of MPNs does not require specific solvents,
complex equipment. In addition, the materials are readily
available and inexpensive.

In addition to the one-step approach, multi-step self-
assembly comprises a prevalent method used for the syn-
thesis of MPNs [98, 99]. The underlying concept is that
polyphenol ligands containing multiple hydroxyl groups
can repetitively and alternately bind with metal ions
to create multilayer MPN films. In this context, Rahim
et al., synthesized MPNs by utilizing TA and Fe''* ions
through a multi-step self-assembly approach [100]. Dur-
ing this process, excess TA molecules adsorbed onto the
surface of the template. Subsequently, the unbound TA
molecules were rinsed off, and an excess of Fe!'' ions was
introduced to initiate a cyclic self-assembly procedure.
Finally, the process was completed through the repeated
rinsing of the unabsorbed polyphenol molecules and
metal ions, followed by the addition of fresh polyphe-
nols and metal ions in each cycle. A key advantage of the
multi-step approach is its ability to regulate the thickness
of the MPN, which typically increases with an increase
in the pH level of the solution. Accordingly, Guo et al.,
employed TA, a natural polyphenol, along with various
metal ions to create a collection of MPN capsules with
functional properties [101]. Herein, the choice of metal
ions was used to modulate the functional properties of
the MPN capsules, such as drug delivery, fluorescence
behavior, catalysis, etc., as well as their thickness. As a
result, MPNs generated through multi-step assembly
exhibit an increased concentration of metal ions. Con-
sidering these attributes, the multi-step self-assembly
approach presents substantial potential applications in
the fields of materials science and nanomedicine. Accord-
ingly, Caruso et al.,, and other researchers explored the
interaction between rusty iron nails and solutions con-
taining GA, demonstrating that GA has the ability to etch
iron from rust layers and form stable MPN coatings by
chelating with it [102]. Furthermore, the findings of the
study revealed a dual dynamic process, involving both
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etching and self-assembly of MPNs, thus offering novel
insights on the utilization of MPNss in the field of materi-
als science.

Templating assembly

Template-mediated synthesis comprises another fre-
quently employed approach for the fabrication of MPNs.
Due to the strong adhesive properties of polyphenols,
they can be easily deposited onto different template
surfaces for the purpose of assembly and synthesis of
MPNs. The template-mediated assembly process of
MPNs typically involves two primary steps: (1) Synthesis
of the metal-phenolic network on the template surface,
and (2) Removal of the template material. Correspond-
ingly, template-mediated assembly can yield MPNs with
diverse morphologies and functionalities by using vari-
ous templates, including two-dimensional materials,
nanoparticles, vesicles, and nanosheets [103]. CaCOj
comprises one of the most commonly used substrates
for the template-mediated assembly of MPNs due to its
facile synthesis route, controllable size and shape, and
ease of removal [104]. In this context, Caruso et al., first
used CaCOj; as a template for the in-situ fabrication of
an AI"™.TA MPN film at a pH of 8 (Fig. 2B) [105]. By
removing the substrate template, they successfully pro-
duced pH responsive MPN capsules for the delivery of
anticancer drugs. In addition to CaCO,, other materi-
als have also been used in the template-mediated fabri-
cation of MPNs. Accordingly, Feng et al., have shown
that the combination of TA and Fe™* can yield uniform
nanocoating on the surfaces of templates like poly(lactic-
co-glycolic acid) (PLGA) and mesoporous silica nanopar-
ticles (MSN) [78]. In addition, Yan et al., designed Fe!™
and TA assemblies on the surface of paclitaxel nanopar-
ticles, resulting in a uniform metal-phenolic coating.
Subsequently, when the substrate was removed, capsule
structures were formed, which were capable of deliver-
ing anticancer drugs [106]. In addition to producing films
and capsule structures, the template-mediated method
can also be employed for the synthesis of MPN nano-
particles [107]. In this context, Caruso et al., achieved
the synthesis of MPN nanoparticles with an ordered
mesoporous configuration by employing polymer cubes
as templates possessing a comparable mesoporous struc-
ture [108]. These MPN nanoparticles exhibited signifi-
cantly greater porosity compared to MPN films, making
them particularly advantageous for drug delivery applica-
tions in nanomedicine.

Emulsion-based self-assembly

Emulsion-based self-assembly comprises another nota-
ble technique for synthesizing MPNs. An emulsion is a
blend of two immiscible liquids, such as water and oil,
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enabling it to dissolve drugs that are both hydrophilic
and hydrophobic in nature [109]. The immiscible lig-
uids in an emulsion create a physical barrier that stops
the droplets from coalescing, thus ensuring stability.
Emulsions, in comparison to other templates utilized in
synthesis, provide superior biocompatibility and drug
loading capabilities [110]. The primary techniques used
for synthesizing emulsions encompass high-pressure
methods, ultrasonication, phase inversion temperature,
and homogenization. Emulsion-based MPN self-assem-
bly can be classified into two categories: self-assembly at
various liquid interfaces of the emulsion and self-assem-
bly within the emulsion itself. In this context, Caruso
et al, employed a water-in-oil emulsion as a template
to spontaneously form pH-responsive MPN coatings
at their interface (Fig. 2C) [111]. In their research, they
first generated emulsions with diameters ranging from
100 to 250 nm through the process of ultrasonication.
Subsequently, by utilizing the emulsion as a template,
they synthesized interfacial MPNs that demonstrated
enhanced stability and pH responsiveness. The findings
demonstrated that the utilization of these MPN-coated
emulsions for administering anticancer drugs resulted
in heightened therapeutic efficacy. Furthermore, Liang
et al, conducted additional investigations to examine
the impact of various MPN structures on the stability of
emulsions [112]. The resultant findings revealed that the
level of polyphenols and the proportion of polyphenols to
metal ions had an impact on the interfacial characteristics
and the stability of the emulsion. More precisely, higher
concentrations of polyphenols and extensive crosslinking
between metals and polyphenols led to enhanced stabil-
ity of the emulsion.

Furthermore, MPNs can be constructed directly within
the emulsion, in addition to the necessary interface prep-
aration. In this context, Dai et al., investigated the pro-
cess of self-assembly of polyphenol-functionalized drugs
and metal ions in an emulsion, resulting in the formation
of MPN nanoparticles with a diameter of approximately
100 nm [113]. The as-obtained MPN nanoparticles dem-
onstrated high drug loading capacity and low toxicity,
showing promising anti-tumor efficacy in combating
prostate cancer in mouse models.

Other assembly methods

The sol-gel synthesis technique comprises one of the
other approaches that has been commonly utilized for
the fabrication of MPNs, frequently involving the use
of formaldehyde (Fig. 2D) [114]. A characteristic of
the sol-gel synthesis approach is the facile, template-
free synthesis of MPNs. During the sol-gel synthesis
method, polyphenols initially undergo pre-crosslinking
with formaldehyde in an alkaline solution, resulting in
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the formation of phenolic polymers. Subsequently, vari-
ous metal ions (mono-metal, bi-metal, or multi-metal)
are introduced into the solution containing the phenolic
polymers to crosslink and generate MPN nanospheres.
These MPN nanospheres, synthesized using the sol-gel
technique, subsequently serve as precursors for elec-
trodes that exhibit excellent electrocatalytic properties.

In addition to the above, there are synthesis methods
for MPNs that necessitate specific external stimuli. Of
these approaches, electrically triggered assembly com-
prises a process in which metal ions dissolve and spread
in a solution under the influence of an electric field.
This occurs through an anodic process, resulting in the
formation of a gradient film on the surface of a sub-
strate template. Accordingly, Boulmedais et al., success-
fully synthesized Fe'''""-TA MPN nanocoatings through
an electrically induced self-assembly approach involv-
ing a combination of TA and Fe''* ions (Fig. 2E) [115].
When the electrode met the Fe'™* ions and a current was
applied to the anode, these Fe!' ions underwent oxida-
tion to Fe''™ ions, resulting in the localized formation of
Fe™.-TA MPNs. In addition, the thickness and assembly
kinetics of these MPN nanocoatings could be controlled
by manipulating the molar ratio of Fe''™"/TA, the current
intensity, and the duration of electrical stimulation. As
a result, this electrically triggered approach offers novel
avenues for employing MPNs as protective coatings with
antioxidant properties.

The properties of MPN

The composition of MPNs includes both polyphenols
and metal ions, resulting in a high abundance of func-
tional characteristics. The functional characteristics of
the MPNss are influenced by the specific type of polyphe-
nol and metal ion. In general, the distinct properties of
MPNs depend on the selection of different metal ions
and polyphenols (Table 2). Therefore, it is crucial to clas-
sify and summarize these diverse functionalities.

Adhesive property

Numerous polyphenols contain pyrogallol chemical
structures, which frequently confer them with excep-
tional interfacial adhesion properties [116]. By utiliz-
ing this attribute, MPNs can stick to various substrates,
such as biological surfaces, and offer specific function-
alities [117, 118]. This binding affinity of polyphenols is
largely attributed to noncovalent interactions, includ-
ing electrostatic interactions, hydrogen bonding, m-m
stacking, hydrophobic interactions, and van der Waals
forces [119]. For example, the binding ability of poly-
phenols to proteins, RNA, DNA, and small molecules
is facilitated through these noncovalent interactions.
Consequently, the adhesive properties of MPNs can be
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Table 2 The structure and properties of MPNs based on different metal ions and polyphenols

Metal Polyphenol Structure Properties Refs
Fell* EGCG Fe""-EGCG emulsion Stability (12l
Fell+ Myricetrin Fe'"*-myricetrin film Antioxidant [244]
Foll+ TA Fe'l*-TA hydrogel Adhesiveness; Photothermal [175]
Fell+ TA Fel™TA film PH responsiveness [19]
Felll+ TA Fe'*TA particle Photothermal and imaging [78]
v TA VIFTA particle Photothermal and imaging [78]
Ru™ TA Ru'"*-TA particle Photothermal and imaging [78]
Felll+ TA SRF@Fe''TA NPs Ferroptosis; Photodynamic [77]
Fell+ TA GOx@ZIF@MPN Inducing Fenton reaction [97]
Fell+ GA Fe'™-GA Film Controllable thickness [102]
Fell* HA and PEG MPN-HA-PEG capsules Specific targeting [104]
Al TA AI™TA Capsules Ph-responsive [105]
Fellt TA PTX@Fe""-TA NPs Long-term stability [106]
Fell+ Peg-polyphenol Fe'*-PEG-DOX NPS Ph-responsive [111]
Fell+ Pt-polyphenal Fe!"*-PEG-Pt NPS long circulation times [113]
Co'* TA CO™-TA sphere Electrocatalytic [114]
Fell+ TA Fe'"*-TA coating Antioxidant [115]
Eu't TA Zein/HTCC-TA/ NPs Ph-responsive; Imaging [118]
Fall+ TA Fe'™-TA Shell Degrades on-demand [122]
Foll+ TA Fe'"*-TA Coating Stimu-responsive (2
Fell+ EA Fe'*-EA NPs Photothermal [133]
Fell+ Anthocyanins Fe'l-A-P NPs Dual imaging; photothermal [118]
Fell+ TA Fe'*TA@MSN NPs Endosomal escape [145]
Felt gossypol PEG-Ce6-Fe'*-gossypol Photodynamic [153]
Fel+ Quercetin Qu-Fe'P Photothermal [156]
HfV+ GA; PEG; Ce6 Hb@Hf-Ce6 NPs Improve the hypoxic [159]
Gd"* TA AUNR@MSN@MON Photothermal [107]
Mg"* EGCG Mg"*-EGCG MPN Light-responsive [173]
Rell* Catechin Re'*-Cat NPs Antibacterial [174]
cu™ EGCG Cu'"-EGCG nanosheet ROS scavenging [77]
S TA Sr'"*-TA coating Eliminate cytokines/ROS (178
Zinc"* Kaempferol Zinc"*- Kaemferal Promoting bone growth [181]
Fel* GA Fe'*-GA NPs Photothermal; increase ROS [188]
ol TA Cobalt"*-TA @gold Inhibited amyloid formation 971
Mg'™* TA Mg'"*-TA Film Osteocompatibility [201]
Tiv+ TA TiV*-TA gelation Biocompatibility [204]
. T Fe,0,-NH2-(TA-Zn'™) Magnetic [90]
't TA Cu'"-TA coating Antimicrobial [256]
cu DA Cu'-DA coating Antimicrobial [256]
cu™ Norepinephrine Cu™-Ne coating Antimicrobial [256]
Mn'* TA Mn'™*-TA @BPNSs Photothermal and imaging [91]
RUM* TA Ru"™-TA Capsules Stimuli-responsiveness [101]
Rh '+ TA Rh ""*TA Capsules Stimuli-responsiveness [101]
Cell+ TA Ce™-TA Capsules Stimuli-responsiveness (101
i TA Cr'™-TA Capsules Stimuli-responsiveness [101]
cq TA Cd"*-TA Capsules Stimuli-responsiveness [101]
To!+ TA Tb"™-TA Capsules Stimuli-responsiveness [1o1
Zpv+ TA ZV*TA Capsules Stimuli-responsiveness [101]
Mo TA Mo'*-TA Capsules Stimuli-responsiveness [101]
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Table 2 (continued)
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Metal Polyphenol Structure Properties Refs
Tiv+ TA TiV*-TA metallogel Robustness and flexibility [148]
Mn'* TA Mn'"*-TA complex Photothermal conversion [163]
Fell* Lignin Fe''*- Lignin Capsules Stability; high drug loading [92]
Fell+ ACN ACN-Fe"-PLG-g-mPEG Photothermal and imaging [134]
Fell+ Luteolin Fe'*-Luteolin Capsules ROS scavenging [93]
Fell* Fisetin Fe''*-Fisetin Capsules ROS scavenging [93]
pt'* EGCG P*-EGCG NPs Stability; high drug loading [213]
Fell+ PG Fe'"*-PG Capsules High loading capability [95]
Fell* PC Fe'"*-PC Capsules High loading capability [95]
T+ Proanthocyanin TiV*~PAC NPs Anti- biofilm formation [170]
Fell* Shikonin Fell"*-Sk-PEG/cRGD Induce ferroptosis [164]
cu™ GA CS-Cu'"™~GANCs Facilitate production of H,0, n71

tailored by selecting different polyphenols. Natural poly-
phenols, such as TA, pyrogallol, and EGCG, have dem-
onstrated strong adhesive properties. Consequently, the
remarkable adhesive properties of MPNs can synergisti-
cally integrate the functionalities of the MPNs with the
derivative functions of substrates for optimal efficacy.
For instance, Li et al., developed pH-responsive drug-
delivery nanoparticles measuring 100-200 nm in size
by attaching Fu™*-TA MPNs to zein/quaternized chi-
tosan (HTCC) nanoparticles [120]. Furthermore, MPNs
can be deposited on two-dimensional materials to create
nanomaterials with novel functions. In this context, Haga
et al., employed Fe-TA MPNs to bind to graphene oxide
nanosheets (GO), yielding novel nanosheets that exhib-
ited improved dispersibility and stability in water [121].
Due to the exceptional biocompatibility of MPNs, they
can also be attached to biological surfaces. For example,
Park et al., utilized a layer of Fe™*-TA MPN to coat the
surface of yeast cells, providing protection against ultra-
violet (UV) damage [122].

Stimuli-responsive property

One notable characteristic of MPNs is their ability to
react to different external factors, including pH, glu-
tathione (GSH), adenosine triphosphate (ATP), redox
potentials, etc. [123]. MPNs often exhibit stimuli-respon-
sive properties due to the stimuli-sensitive coordina-
tion between the catechol groups in polyphenols and
metal ions. The stimuli-responsiveness of MPNss is influ-
enced by the type, valence state, and composition ratio
of metal ions [124, 125]. For the same metal ion, differ-
ent polyphenols exhibit varying chelation abilities [124].
Additionally, the chelation ability differs between differ-
ent valence states of the same metal ion. Furthermore,
high-valence metal ions such as Zr'V* and Fe'"'* generally
have stronger chelation abilities with polyphenols than

lower-valence ions like Cu'™ and Fe'™*. The composition
ratio of metals and polyphenols in MPNs also affects
their acid-sensitive responsiveness. Overall, the acid sen-
sitivity of MPNs decreases as the metal content increases,
due to higher coordination degrees that enhance system
stability, thereby reducing acid sensitivity [120]. Based
on these characteristics, appropriate polyphenols, met-
als, and control of the metal-to-polyphenol ratio can be
selected to design MPNs suitable for drug-controlled
release according to specific needs.Given the variation
in pH levels in different biological microenvironments—
such as the Tumor Microenvironment (TME) with a
pH range of 5.7-6.8, and lysosomes with a pH range of
4.5-5.0—MPNs are ideal for the development of tar-
geted drug delivery systems. In this context, Ping et al,,
as well as other researchers have utilized AI'"*-TA MPN
capsules to encapsulate the anticancer drug DOX for the
purpose of treating tumors. Accordingly, the AI"™-TA
MPN-based nanocarrier platform was found to demon-
strate an increased drug loading capacity and pH-respon-
sive release in the acidic tumor environment [105].
Furthermore, in order to cater to the diverse range of
uses of MPNs in nanomedicine, MPNs have been engi-
neered to possess multiple responsive attributes, such
as reactions to GSH, ROS, ATP, etc. GSH, which com-
prises a reductive substance, is overexpressed in cancer
cells [126]. The GSH-responsive characteristic of MPNs
primarily relies on the ability of GSH to convert Fe!''* in
Fe'""-based MPNs to Fe''*, leading to the disintegration
of the MPN. In this context, Du et al., have reported the
encapsulation of an Fe!'™-TA network within a MOF to
produce nanoparticles with the ability to release drugs in
response to seven distinct stimuli, also including near-
infrared light, H,O, and so on [127]. The aforemen-
tioned seven stimuli primarily pertained to physiological
processes and the natural environment, encompassing
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glutathione. Moreover, ROS, which play a crucial role
in normal physiological processes and cancer therapy,
have been gaining increasing attention in the develop-
ment and design of MPNs [128]. Accordingly, Shi et al.,
have reported the development of ROS-responsive
nanocomposites for the treatment of tumors by enclos-
ing poly(amidoamine) dendrimers and the drug toyoca-
mycin within an Fe'"-TA network [129]. It is also worth
mentioning that ATP, which is frequently increased in
pathological states, has led to the exploration of ATP-
responsive MPNs as a promising avenue for research.
In this context, Zhang et al,, reported the synthesis of
an ATP-responsive self-catalyzed Fenton nanosystem
(GOx@ZIF@MPN). Owing to the abnormally high lev-
els of ATP in cancer cells, the MPN shell of the GOx@
ZIF@MPN easily disintegrated, leading to the release of
the internal drugs to effectively eliminate the tumor [97].

Photothermal property

Nanomaterials possessing photothermal properties have
consistently been a central focus in the realm of nano-
medicine. Currently, nanomaterials intended for photo-
thermal conversion exhibit several drawbacks, including
complex synthesis procedures, low photothermal con-
version efficiency, and limited drug loading capacity.
MPNs, exhibit excellent ligand-to-metal conversion
properties, resulting in their remarkable UV—-vis- near-
infrared (NIR) absorption capabilities when exposed to
near-infrared light. Additionally, as a result of plasma
resonance and energy conversion properties, MPNs
have the ability to transform absorbed light into thermal
energy [130]. The NIR absorption ability of MPNs can
be adjusted by manipulating the coordination ligands,
as the d-d electronic transitions of metal ions are highly
dependent on the properties of the ligands. For exam-
ple, polyphenols with more catechol groups can coordi-
nate with a greater number of iron ions. In summary, a
high iron content combined with a small particle diam-
eter enhances photothermal performance. Among the
MPNs with photothermal properties, TA based MPNs is
the most encountered variants. Compared to other pho-
tothermal conversion nanomaterials, TA based MPNs
present advantages such as eco-friendly synthesis, fac-
ile binding with metal ions, strong adherence proper-
ties, and high photothermal conversion rates. Research
conducted by Feng et al. revealed that TA based MPNs
containing Fe'™, V" and RU™* exhibit exception-
ally high photothermal conversion efficiencies (n ~ 40%)
[78], surpassing those of other commonly used photo-
thermal materials such as gold nanorods (21%), Cu2-
xSe (22%), and Cu9S5 (25.7%) [131, 132]. Furthermore,
additional investigations by Feng et al, also indicated
that an increase in the molar ratio of metal ions to TA

Page 12 of 35

enhances the near-infrared absorption (650-1350 nm);
Consequently, the photothermal conversion capacity of
TA based MPNs are enhanced. In addition, the photo-
thermal efficiency of TA-based MPNs were found to be
independent of the type, structure of the substrate tem-
plate or the or thickness of TA-based MPN itself [78]. In
addition to TA based MPNs, MPNs utilizing alternative
polyphenols such as EGCG, EA, GA, and QU have also
exhibited favorable photothermal characteristics [133,
134]. As observed, the remarkable photothermal perfor-
mance of MPNs forms the basis for their use in the field
of nanomedicine.

Fenton reaction-inducing property

The Fenton and Fenton-like reactions involve the cata-
lytic decomposition of hydrogen peroxide (H,0O,) into
ROS in the presence of metal ions. Correspondingly,
the Fenton reaction can be represented by the following
chemical equation: Fe** +H,0,—Fe** ++.OH+OH"
[135]. As excessive ROS can induce oxidative stress
damage in cells, Fenton and Fenton-like reactions are
commonly used in the treatment of tumors and antimi-
crobial therapy [136]. However, the major obstacle in the
implementation of the Fenton reaction lies in the limited
catalytic efficacy of the initiating agents. This phenom-
enon is primarily attributed to the transformation of Fe''*
ions into Fe'' ions during the catalytic process, wherein
Fe''" ions have a lower catalytic efficiency in compari-
son to the Fe!'™ [137]. MPNs, due to their exceptionally
high metal ion content, have the ability to initiate Fenton
and Fenton-like reactions. Furthermore, the strong abil-
ity of polyphenols in MPNs to reduce Fe'™* to Fe''* after
catalysis helps in maintaining a higher level of catalytic
performance [138]. Therefore, the higher the metal ion
content in MPNs, the stronger their Fenton reaction-
inducing properties. Accordingly, studies by Zhang et al.,
show that Fe'"™-TA MPN efficiently converts Fe!'* to
Fe!'™* within 30 min, thereby catalyzing the Fenton reac-
tion to produce a vast array of ROS [97]. In addition to
the above, MPNs have the advantage of efficiently and
selectively releasing metal ions to catalyze the Fenton
reaction [139]. Moreover, MPNs not only trigger the Fen-
ton reaction but also effectively catalyze Fenton-like reac-
tions. In this context, a study conducted by Chen et al.,
revealed that Cu™*-TA MPN can catalyze the decomposi-
tion of H,O, through a Fenton-like reaction, resulting in
the production of a large amount of ROS and exhibiting
an antitumor effect [140]. To summarize, MPNs demon-
strate a high level of effectiveness in inducing Fenton and
Fenton-like reactions, while also possessing numerous
distinct catalytic benefits when compared to traditional
catalysts.
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Internalization and endo/lysosomal escape

Efficient uptake of nanomedicines by receptor cells and
their precise transportation to specific locations while
maintaining their functionality is a crucial prerequisite
for achieving therapeutic outcomes [141]. Due to their
small particle sizes, nanomaterials are readily internal-
ized by cells through endocytosis. After being absorbed
by cells, nanomaterials first enter early endosomes with a
pH of 6.3; as the pH decreases over time, the endosomes
develop into late endosomes, which eventually merge
with lysosomes (pH 4-5) that contain hydrolytic enzymes
[142]. This process serves as the central segment in vesic-
ular trafficking and is known as the endosome-lysosome
transport. During this transport, the surface structures of
nanomaterials are prone to degradation by the lysosomal
enzymes, leading to loss of activity, which significantly
impacts their function and efficacy. Therefore, enhanc-
ing cellular uptake and facilitating endosome-lysosome
escape to retain bioactivity is crucial for nanomaterials.
MPNs, as a type of small nanoparticle, are often suc-
cessfully internalized by cells [106]. Moreover, the MPN
coating functions as a "proton sponge,” which facilitates
endosome/lysosome escape to preserve biological func-
tionality (Fig. 3A). This "proton sponge" effect occurs
when the nanomaterial undergoes protonation in the
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acidic environment of the cellular endosomal vesicle,
thereby modifying the vesicle’s osmotic pressure. In addi-
tion, the acid ATPase enzymes present in the endosome/
lysosome efficiently move protons from the cytoplasm
to the vesicle, resulting in a substantial buffering capac-
ity. Over time, the concomitant influx of protons, chlo-
ride ions, and water results in a higher osmotic pressure
inside the vesicles, which eventually leads to the rupture
of the vesicular membrane. This buffering capacity is
essential for the nanomaterial to evade the endosome/
lysosome, thereby resulting in the proton sponge effect,
which destabilizes the membrane of the endosome/
lysosome in an acidic environment [143, 144]. In this
context, Caruso et al., conducted co-localization experi-
ments within cells, and discovered that the localization of
Fe™-TA-coated MSN within endosomes/lysosomes was
significantly reduced in comparison to bare MSNs, thus
indicates that Fe'""-TA-coated MSN successfully evaded
endosomes/lysosomes (Fig. 3B) [145]. The mechanism
underlying the endosomal escape of NP@MPN involves
NP@TA/Fe'!l, which induces osmotic swelling and sub-
sequent rupture of endosomal/lysosomal membranes
through the activation of the ’proton-sponge effect’
(Fig. 3C). In addition, substituting the coordinated metal
in the MPN with A" instead of Fe''* still enabled the
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MPN to escape from endosomes/lysosomes. These find-
ings, therefore, indicate that cells can effectively internal-
ize both Fe-based MPNs and Al-based MPNs and evade
endosomes/lysosomes, rendering them highly effective
nanocarriers for drug delivery.

In situ gel-forming

MPNs also possess the ability to assemble into supra-
molecular hydrogels (commonly referred to as metal-
phenolic gels). Unlike traditional gels, metal-phenolic
based hydrogels can be formed by rapidly inducing
non-covalent gelation between phenolic compounds or
phenolic-modified polymers and metal ions [31]. Specifi-
cally, TA and transition metals are commonly chosen for
the fabrication of metal-phenolic-based hydrogels. As
a result, this process does not require the prior synthe-
sis of large molecular building blocks, which is typically
necessary for traditional gels. In this context, a series of
metal-phenolic gels synthesized by Zhao et al,, includ-
ing single-metal, dual-metal, and multi-metal gels, have
consistently demonstrated exceptional physicochemical
properties, such as transparency and injectability [114].
In addition, the combination of polyethylene glycol-
functionalized catechol groups (PEG-catechol) and Fe!''*
ions has been frequently employed to create metal-phe-
nolic network hydrogel [146]. Expanding on this, Li et al.,
substituted Fe'™ with Fe,O,, resulting in the formation
of a reversible hydrogel with the PEG-catechol moiety
through metal coordination bonds [147]. The unique
mechanical properties of this metal-phenolic gel were
attributed from the dynamic formation of a supramolec-
ular cross-linked structure. Unlike conventional transient
fluid dynamics of catechol-Fe™ linkages, the catechol-
Fe;O, structure exhibited solid-like but reversible hydro-
gel mechanics.

In addition, Caruso et al., investigated the function-
alities and applications of metal-phenolic gels created
by combining TA with a range of group IV metals [148].
Initially, Ta and Ti'V* were selected to create a metal-
phenolic gel that possesses optical transparency, mold-
ability, shape persistence, adhesiveness, and high stability
within a pH range of 2-10. The degradation of the TA-
Ti" hydrogel commenced only when the pH of the sur-
rounding environment surpassed 10. Moreover, in vitro
assays revealed that the TA-Ti'V* hydrogel exhibited no
toxicity to cells and was compatible with various sur-
rounding mediums. Another advantage of the TA-Ti'V*
hydrogel is its ability to incorporate different functional
materials into the gel matrix through in-situ co-gelation,
resulting in the formation of composite hydrogel materi-
als. As observed, the numerous distinctive characteristics
of MPN gels indicate that they are a highly promising
form of hydrogel with significant potential.
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The application of MPN based nanoplatform

in nanomedicine

Due to the remarkable capabilities of MPNs, their use
in the field of nanomedicine has become notably exten-
sive. The inherent stability and responsiveness of MPNs
make them suitable for use in cancer therapy. In addition,
the photothermal properties of MPNs, combined with
the intrinsic characteristics of the metal ions, enhance
their potential in antimicrobial research and applica-
tions. Furthermore, the adhesive nature and reduction
potential of the phenolic molecules in MPNs enable the
formation of diverse composite nanomaterials, while the
imaging capabilities of the metal ions in MPNs enhance
their usefulness in biomedical imaging applications. In
light of these factors, the current section presents a com-
prehensive overview of the applications and progress in
research of MPN-based nanoplatforms in different areas
of nanomedicine.

Cancer therapy

The varied attributes of MPNs indicate their potential as
composite nanoplatforms for tumor-related therapies.
Currently, MPN applications in tumor therapy can be
categorized into several groups: Direct anticancer agents,
Chemotherapy, Chemodynamic therapy (CDT), Photo-
dynamic therapy (PDT), Photothermal therapy (PTT),
TME-modulation therapy, and Multimodal combination
therapy. In various cancer treatment strategies, MPNs
primarily serve as carriers for the delivery of inducers
in chemotherapy, PDT, some TME modulation thera-
pies, and combination therapies. In other therapeutic
approaches, MPNs function as the key active component.

Chemotherapy

Chemotherapy is the administration of different medi-
cations to eliminate cancer cells and is a widely used
approach in the treatment of tumors. However, despite
its widespread use in tumor therapy, chemotherapy still
has several limitations, including low bioavailability of
drugs, toxic side effects of drugs, and drug resistance
[149]. The utilization of MPNs in chemotherapy primar-
ily serving as nano-scale vehicles for the delivery of anti-
cancer medications.

Furthermore, hollow MPN capsules have the poten-
tial to serve as highly effective nano-drug carriers for
tumor chemotherapy. MPNs can remain stable for a long
time in a pH range of 7-8, which contributes to their
long-term stability during extended periods of blood
circulation. However, upon entering the acidic tumor
environment, MPNs undergo decomposition, thereby
achieving targeted drug release. This is further validated
from the study conducted by Caruso et al., reporting
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the effective encapsulation of the anticancer drug DOX
within AI"™-TA MPN capsules that were assembled uti-
lizing CaCO, as a template. The findings show that the
drug loaded MPN capsule demonstrated a high drug
loading rate, responsiveness to pH, and effective ability to
kill tumors [105].

Chemodynamic therapy and photodynamic therapy
Chemodynamic therapy and photodynamic therapy func-
tion by producing a significant quantity of ROS to elimi-
nate cancerous cells. Chemodynamic therapy operates by
inducing oxidative stress in cells and achieving antitumor
effects through the utilization of metal ions via Fenton
and Fenton-like reactions. Previous studies indicate that
MPNss can trigger apoptosis in cancer cells by generating
hydroxyl radicals via the Fenton reaction, which involves
the liberation of metal ions such as Fel'™*, Cu™*, Mn'™,
Ni'"*, and Co'™ [150]. Accordingly, Liu et al., developed
composite nanoparticles (CaO2@ZIF8@MPN) con-
sisting of CaO, enclosed in ZIF-8 and Fe'"*-TA MPN
assembled on the surface, that had the ability to generate
H,0, and recycle iron ions, thus enhancing CDT [151].
The findings show that the Fe!''"*-TA MPN coating on the
CaO2@ZIF8@MPN decomposed in an acidic environ-
ment, subsequently undergoing Fenton reaction to gen-
erate ROS and inducing tumor cell death. Notably, CaO,
could be broken down into H,0, and Ca''*, thus continu-
ously providing sufficient substrates for CDT.

On the other hand, photodynamic therapy comprises
a treatment strategy that uses photosensitizers to gener-
ate ROS like singlet oxygen, in order to eliminate cancer
cells. In this context, Wei et al., developed a polyethylene
glycol MPN loaded with the photosensitizer haemato-
porphyrin monomethyl ether (HMME) constituting the
composite nanosystem MPN@HMME for the treatment
of tumors [152]. The MPN@HMME exhibited selectively
accumulation in cancer cells through the assistance of
Folate and subsequent release of HMME. Moreover,
when exposed to 638 nm near-infrared light irradia-
tion, HMME was able to induce apoptosis in cancer cells
without affecting normal cells. In addition, Dai et al,
developed PEG-Ce6-Fe'"*-gossypol MPNs by combining
natural polyphenols, Fe''*, and the photosensitizer Chlo-
rin e6 (Ceb6) to effectively carry out the antitumor impact
of photodynamic therapy [153].

(See figure on next page.)

Fig.4 The PTT therapy application of MPN in cancer therapy. A The schematic representation of the PTT therapy of Qu-Fe
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Photothermal therapy

Photothermal therapy (PTT) is a minimally invasive
treatment technique that employs photothermal conver-
sion agents (PTCAs) to gather at tumor locations and
convert near-infrared light into heat energy [154]. When
compared with other treatment methods, PTT offers the
advantage of minimal harm to healthy tissues. This is
due to its targeted action on areas with high concentra-
tions of PTCAs and exposure to near-infrared light. Due
to the significant assembly effect of polyphenols, MPNs
have strong UV-vis absorbance in the near-infrared irra-
diation region. As a result, they serve as PTCAs in PTT
treatments. In this context, Zhao et al., reported the suc-
cessful fabrication of nanoscale Fe-EA MPN by utiliz-
ing EA, Fe, and polyvinylpyrrolidone for PTT of tumors
[133]. The Fe-EA MPN demonstrated excellent biocom-
patibility and minimal cytotoxicity in both in vitro and
in vivo experiments. In addition, it exhibited the ability
to absorb near-infrared light and utilize its photothermal
conversion capability to eliminate tumors without induc-
ing significant toxic responses.

However, the clinical application of PTT are is plagued
by the following challenge: the need to prevent exces-
sive thermal damage to surrounding healthy tissues
and mitigate the diminishing efficacy of PTT caused by
the increased production of heat shock proteins [155];
Cao et al. employed quercetin and Fe ions to fabricate
dynamically detachable MPN-based PTCAs (Qu-Fe''P),
specifically targeting these concerns (Fig. 4A) [156].
The Qu-Fe''P demonstrated commendable PTT effects
when exposed to near-infrared light, while the presence
of quercetin in Qu-Fe''P aided in inhibiting the increase
in heat shock proteins in vitro (Fig. 4B, C) and in vivo
(Fig. 4D, E). These functions enabled the Qu-Fe''P to
accurately target and treat tumors at reduced tempera-
tures (approximately 45 °C) (Fig. 4F, H). To summarize,
MPN-based PTCAs, with their facile mode of synthesis,
good biosafety, high photothermal conversion efficiency,
and strong functional plasticity, comprise a significant
research direction for PTT treatments.

TME modulation therapy

TME, or the tumor microenvironment, comprises a
complex system consisting of diverse cells, lympho-
vascular networks, and extracellular matrix, which is

I+

P.The protein

(B) and RNA (C) level expression of Heat shock protein 70(HSP70) with Qu-Fe' P treatment in vitro D. The in vivo Hsp70 expression in tumors

from mice 36 h with Qu-Fe'*

after injection of Qu-Fe'"*

P treatment as measured by immunofluorescence staining and Western blot (E). F The Photothermal imaging of mice
P under 808 nm irradiation. G Changes in tumor volumes and (H) digital photos of resected tumors after Qu-Fe'* P

treatment. Reproduced with permission from Ref. [156]. Copyright 2019, ELSEVIER SCI LTD
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characterized by low pH values, hypoxia, among other
factors. TME is an essential component of tumors and
plays a significant role in their initiation and progression
[157]. Thus, modulating the TME as a means of treating
tumors (TME modulation therapy) shows great promise.
However, TME modulation therapy is currently plagues
by several challenges, including: (1) maintaining the cir-
culation of nanoparticles; (2) infiltrating and enriching
the tumor tissue; (3) penetrating the tumor cells; and (4)
achieving controllable drug release [123]. Nonetheless,
MPNs, by virtue of their inherent properties acquired
through diverse assembly techniques and functionaliza-
tion, can effectively overcome these challenges.

MPNSs represent ideal nanoformulations for TME mod-
ulation, primarily due to two key factors: The intrinsic
properties of polyphenols, including their anti-inflam-
matory, antioxidant, and antitumor characteristics; and
the modular preparation strategy that facilitates the inte-
gration of functional molecules. Currently, MPN-based
TME modulation therapies that are currently used, can
be categorized into the following aspects: Antiangio-
genesis, improvement of hypoxic conditions, regulation
of endoplasmic reticulum stress (ERS), and reversal of
immunosuppressive states.Angiogenesis plays a criti-
cal role in tumor growth and metastasis, with the TME
serving as a fundamental basis for angiogenesis. The
abundant vasculature within the TME supports tumor
growth by delivering substantial amounts of oxygen and
nutrients. Therefore, inhibiting angiogenesis presents a
promising strategy for TME modulation. Specifically, the
polyphenol structures within MPNs can suppress tumor
angiogenesis through various mechanisms, including the
inhibition of VEGF expression, restriction of epithelial-
mesenchymal transition, reduction of matrix metallopro-
teinase expression, and inhibition of neovessels.

In terms of antiangiogenesis, Zhou et al., found that
quercetin-based MPN nanoparticles (Q-NPs) could
inhibit tumor growth by destroying existing blood vessels
and suppressing the formation of new ones, thus exhibit-
ing antiangiogenic properties (Fig. 5A) [158]. Upon intra-
venous administration, these Q-NPs were able to bind
to upregulated VEGFR2 in the tumor vascular system,
thereby inhibiting angiogenesis.

The hypoxic state of the TME promotes tumor growth
while simultaneously reducing the efficacy of chemother-
apy and oxygen-based therapies. Therefore, alleviating
hypoxia is a crucial strategy for TME modulation. Cur-
rently, MPNs improve hypoxia in the TME through three
primary mechanisms: (1) Oxygen delivery: The unique
network structure of MPNs enables the loading and
delivery of oxygen-releasing agents.

(2) In situ oxygen generation: MPNs can utilize
agents such as MnO, to decompose H,O,, thereby
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producing oxygen and alleviating hypoxia in the TME.
(3) Inhibition of oxygen metabolism: MPNs can gener-
ate H,S gas, which suppresses mitochondrial oxygen
consumption, effectively mitigating hypoxia. In terms
of ameliorating the hypoxic TME, MPNs participate by
facilitating the transport of oxygen, generating oxygen
in situ, and regulating the metabolic oxygen pathways
within tumor tissues. In this context, Sang et al., devel-
oped oxygen-enriched composite nanoparticles (Hb@
Hf-Ce6 NPs) to improve the hypoxic state in TME,
thereby enhancing the efficacy of tumor treatment
(Fig. 5B) [159].

As a result of the atypical characteristics of TME (low
pH, hypoxia, etc.), tumor cells frequently experience
chronic endoplasmic reticulum stress. Thus, enhancing
tumor cellular ERS comprises one of the strategies for
TME modulation in therapy.

Currently, MPNs enhance tumor ERS through two
primary approaches: 1) ROS-based therapy: This strat-
egy induces oxidative stress in tumor cells, thereby
increasing ERS and subsequently suppressing tumor
growth;2) Starvation therapy: This approach inhibits
the supply of nutrients and energy, leading to enhanced
ERS and the suppression of tumor progression. In this
context, Wang et al., employed Fe-TA MPN to envelop
a dendritic polymer containing an ERS-inducing drug
(toyocamycin), resulting in the creation of a compos-
ite nanoplatform (G5.NHAc-Toy@TF) for the treat-
ment of tumors (Fig. 5C) [160]. The G5.NHAc-Toy@
TF compound was able to generate cytotoxic hydroxyl
radicals by undergoing Fenton reactions, thus amplify-
ing ERS and leading to improved efficacy in vitro tumor
treatment.

In addition, the TME frequently recruits a large num-
ber of immunosuppressive cells while diminishing the
presence of cytotoxic T cells, resulting in the develop-
ment of tumor immune tolerance [123]. The rich chemi-
cal bonds within the polyphenols of MPNs facilitate their
efficient uptake by tumor cells and immune cells. Fur-
thermore, MPNs can be engineered into immunogenic
formulations, enhancing their functionality. As a result,
MPNss hold significant potential for reversing the immu-
nosuppressive state of the TME.Accordingly, Su et al,
effectively developed a new and versatile nanoparticle
vaccine by incorporating the antigen ovalbumin and the
immunoreactive chlorogenic acid onto MPNs (Fig. 5D)
[161].The nanoparticle vaccine was able to stimulate cel-
lular immune responses by activating the antigen presen-
tation of dendritic cells while suppressing the activation
of regulatory T cells. To summarize, MPN is an excellent
nanoplatform for TME modulation therapy because of its
modular fabrication method and the integration of func-
tional molecules.
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Fig. 5 The schematic illustration of TME immunomodulation therapy based on MPNs. A The schematic illustration of the anti-tumor effect

of quercetin based MPN nanoparticles through anti-angiogenesis. Reproduced with permission from Ref. [158]. Copyright 2022, Elsevier. B

The preparation and mechanism of oxygen-enriched composite nanoparticles (Hb@Hf-Ce6 NPs) through relieve hypoxic state. Reproduced

with permission from Ref. [159]. Copyright 2021, Wiley-VCH. C The schematic illustration of the anti-tumor mechanism of Fe-TA MPN to encapsulate
composite nanoplatform (G5.NHAc-Toy@TF) through enhance ERS. Reproduced with permission from Ref. [160]. Copyright 2022, Wiley-VCH. D The
schematic illustration of the preparation and process of MPNs@OVA + CHA for reversing immunosuppressive states. Reproduced with permission

from Ref. [161]. Copyright 2023, Elsevier.ERS: Endoplasmic reticulum stress

Multimodal synergistic therapy

The combination of individual tumor therapies can result
in a synergistic effect, leading to significant supra-addi-
tive effects where the outcome is greater than the sum of
its parts (i.e., 1+1>2) [162]. As MPNs are composites of
metals and polyphenols, are particularly well-suited for
integrating various therapy modes to achieve synergis-
tic therapeutic effects [163, 164]. Accordingly, Fan et al,,
developed a nano system that integrated PTT and chem-
otherapy by applying a coating of Gd'"™*-TA MPN onto
gold nanorods that were loaded with a photothermal
conversion agent [165]. The in vivo tests demonstrated
that the nano system could reduce primary tumor vol-
umes by 81% and arrest lung metastasis by 58%. Moreo-
ver, MPNs can also be utilized to enhance the combined
effect of tumor photothermal therapy and photodynamic
therapy. In this context, Zhang et al., developed a TME-
responsive diagnostic and therapeutic nanoplatform
(Ce6-GA@MnO2-HA-PEG) that responded to the TME

and produced combined PDT and PTT effects, result-
ing in a synergistic effect [166]. When subjected to TME
stimulation, the MnO, in the nanoplatform decomposed
and released Mn'"™" ions. These ions then combined
with GA to create Mn""-GA MPN, which functioned
as a photothermal converter. The generated oxygen also
improved the efficacy of Ce6-mediated photodynamic
therapy. Moreover, MPNs can integrate ferroptosis and
apoptosis for tumor treatment. This is evident from the
studies conducted by Hi et al., involving the combination
of Fe'-TA MPN with bleomycin (BLM) and Prussian
blue nanoparticles, which was loaded with a ferroptosis
inducer (ML210) to create HMPB/ML210@TA-BLM-
Fe'* (HMTBF) nanocomposites [167]. The as-obtained
nanocomposite was able to induce the process of tumor
cell ferroptosis by releasing BML20 and facilitating the
TA-mediated conversion of Fe''™ to Fe'™ through intra-
cellular degradation. Additionally, the binding of Fe'™
with BLM can enhanced the process of apoptosis in
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tumor cells, thus synergizing with ferroptosis to effec-
tively eliminate tumors.

These results all demonstrate that MPNs, as multifunc-
tional nanoplatform, can combine various therapies to
synergistically treat tumors. As observed, these findings
clearly demonstrate that MPNs, acting as multifunctional
nanoplatforms, can combine various therapies to effec-
tively treat tumors through synergistic effects.

Antimicrobial application

Antimicrobial treatments have consistently relied on the
inclusion of metal ions and metal compounds [29]. For
instance, both silver ions and silver nanoparticles possess
various mechanisms through which they exert their anti-
microbial effects [168]. While metal ions possess excep-
tional antimicrobial properties, the excessive production
of ROS during sterilization frequently damages adjacent
healthy tissues [169]. Polyphenols possess inherent anti-
oxidant properties, enabling MPNs to generate ROS for
bactericidal purposes while concurrently mitigating oxi-
dative stress-induced harm to healthy tissues [170, 171].
Thus, when compared to other antimicrobial agents, the
benefits of MPNs in antimicrobial applications include:

A | C
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(1) MPNs exhibit excellent stability and responsive-
ness to changes in pH; (2) MPNs possess the ability to
gradually release metal ions, thereby extending their
effectiveness; (3) The presence of polyphenols in MPNs
can mitigate the potential toxicity associated with metal
ions. (4) MPNs exhibit substantial photothermal conver-
sion properties [30, 172]. Based on these advantages, the
application of MPNs in antimicrobial research primar-
ily employs the following approaches: (1) MPNs encap-
sulate photosensitizers to generate ROS for bactericidal
purposes; (2) MPNs exploit their ability to respond to
stimuli in order to selectively release antimicrobial drugs;
(3) MPNs discharge metal ions as a means to eliminate
bacteria; 4) MPNs encapsulate photothermal inducer for
the purpose of sterilization.

In the context of MPN-mediated ROS antimicrobial
research, Wang et al, developed stimulus-responsive
nanoparticles by encapsulating chitosan and Ce6 with
Mg-EGCG MPN, thereby resulting in antibacterial
effects (Fig. 6A) [173]. The in vitro experiments demon-
strated that the composite nanoparticles effectively elimi-
nated bacteria within a span of 10 min when exposed
to near-infrared light (Fig. 6B). In addition, the in vivo

assemble
|

Control(-L) Control(+L)

NPs(-L)  NPs(+L)

Fig. 6 The anti-bacteria application of MPNs. A The schematic representation of the antibacterial Mechanisms of HTCC-Ce6 and Mg/EGCG

Complex. B Colony-forming experiment of E. coli and S. aureus Following Treatment with NPs with or without light irradiation (660 nm, 100 mW
cm-2, 10 min). C The photographs of wound closure on 0, 2, 4, 7,and 14 days in S. aureus-infected SD rat models. Reproduced with permission

from Ref. [173]. Copyright 2019, ACS
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experiments showed that the hydrogel effectively con-
trolled wound infections and successfully promoted
wound healing (Fig. 6C). These composite nanoparticles
had the ability to generate ROS when exposed to near-
infrared light, which could be used for sterilization.
Additionally, the Mg-EGCG MPN nanoparticles would
release Mg in response to ROS, which promoted wound
healing. Among the metal ions with antimicrobial action,
rare earth metal ions (Re'™) have notable antimicrobial
properties as they are capable of substituting the binding
sites for Ca'™* on bacterial membranes, thereby exerting a
significant antibacterial effect [79]. Liu et al., fabricated a
composite antibacterial nanocoating by combining cate-
chin and rare earth metal ions (Re'™) [174]. The findings
demonstrated that the antibacterial nanocoating exhib-
ited robust antibacterial and anti-adhesion properties
against Pseudomonas aeruginosa, effectively inhibiting
the formation of biofilms. Furthermore, in the context of
MPN-mediated PTT antimicrobial research, Deng et al.,
utilized Fe"™-TA MPN nanoparticles in an agarose-
based composite hydrogel to investigate the antimicro-
bial properties of PTT in treating wound infections [175].

Anti-inflammatory application:

Key processes in the treatment of inflammatory diseases
involve reducing levels of ROS, inflammatory cytokines,
and promoting the transition of macrophages from the
M1 to the M2 type. MPNs often exhibit strong redox
activity and anti-inflammatory properties due to their
geometric similarity to active metal sites found in vari-
ous antioxidant enzymes [176]. For instance, Qin et al.,
successfully synthesized Cu'™"-EGCG MPN, a compound
consisting of the antioxidant EGCG and the anti-inflam-
matory metal ion Cu'™*, and effectively utilized it for the
treatment of osteoarthritis (OA) [177]. The resulting
Cu'™-EGCG MPN demonstrated the ability to effectively
eliminate intracellular ROS, resulting in a significant
reduction of pro-inflammatory cytokine levels in vitro.
Moreover, in the context of treating OA, Guo et al., con-
ducted a study on the ability of Sr'™-TA MPN coating to
scavenge ROS and inflammatory factors, while also inves-
tigating its protective effects on cartilage [178]. Besides
exhibiting anti-inflammatory and antioxidant proper-
ties, the MPN coating also demonstrated a retardation in
the advancement of OA in a rat model. In addition, Yang
et al. fabricated Cu'""-EGCG MPN capsules with sig-
nificant anti-inflammatory properties aimed at treating
peripheral artery disease (PAD) by reducing cellular ROS
levels and inflammatory cytokines, while promoting vas-
cular regeneration [179, 180]. There in vitro and animal
studies showed that these MPN capsules increased VEGF
expression and stimulated vascular repair, addressing
PAD’s inflammatory nature and aiding effective therapy.
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Bone regeneration

The utilization of MPNs in bone tissue regeneration
primarily encompasses two strategies: (1) directly
stimulating osteogenic differentiation and (2) induc-
ing osteogenesis via immunomodulation. Osteogenic
metal ion based MPNs primarily enhance the process
of osteogenic differentiation in the field of bone tis-
sue engineering. AnJani et al., reported that the com-
bination of Kaemferol, a flavonoid compound, with
Zinc'* resulted in the formation of Zinc'""-Kaemferol
MPN composites with excellent in vitro and in vivo
osteogenic functions [181]. Even at concentrations as
high as 25 uM, Zinc'"*-Kaemferol MPN demonstrated
excellent biocompatibility and significantly increased
osteoblast activity in vitro. Furthermore, the in vivo
experiments conducted on live zebrafish showed that
Zinc"*-Kaemferol MPN stimulated the process of
osteogenic differentiation in adult fish. In addition,
Lee et al., coated Ti surfaces with MgI”—EGCG MPN
to enhance the bone integration process (Fig. 7A)
[182]. In vitro, the Mg""-EGCG MPN-coated Ti was
found to significantly promote mineralization levels
and mRNA expression of osteogenic genes in human
adipose-derived mesenchymal stem cells (Fig. 7B-D),
while concomitantly reducing osteoclastogenic dif-
ferentiation in RAW264.7 cells (Fig. 7E, F). The pri-
mary principle for promoting bone tissue regeneration
through immunomodulation is the regulation of mac-
rophage polarization. Accordingly, Zhang et al., uti-
lized Cu'™-TA MPN to coat porous polymer scaffolds
for the purpose of regenerating bone defects in peri-
odontal tissue [183]. The experimental results dem-
onstrated that the Cu"™*-TA MPN coating effectively
inhibited the inflammatory response of macrophages
and promoted angiogenesis, thereby leading to the
promotion of bone regeneration.

Medical imaging

Medical imaging technology is essential for diagnosing
diseases, creating treatment strategies, and assessing the
effectiveness of therapies [184, 185]. With the develop-
ment of nanomaterials, medical imaging technology has
also seen significant advancements. Current nanoscale
medical imaging agents include quantum dots, magnetic
nanoparticles, among others. Although these nanoscale
agents offer many advantages over traditional contrast
agents, they still cannot fully meet the increasingly high
requirements of modern medical imaging technology.
Due to the properties of metal ions and the porous net-
work of MPNs, MPNs have become an important type
of contrast agent in medical imaging [186]. The primary
applications of MPNs in medical imaging encompass
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both single-mode imaging and multimodal imaging. Sin-
gle-mode imaging encompasses various techniques such
as MR, CT, PET, US, FLI, PA] and others.

MRI, a widely used imaging technique in medicine,
primarily differentiates between normal and abnormal
tissues by administering contrast agents intravenously
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[187]. Zhang et al., developed a biocompatible metal-
polyphenol nanoparticle specifically for the detection
and treatment of Glioblastoma multiforme [188]. These
RPDGs had the ability to induce to trigger apoptosis
and ferroptosis in tumor cells, while also display excel-
lent MRI imaging capabilities. Moreover, MPNs also
possess the ability to perform PET imaging due to the
radiolabel properties of metal ions. For instance, Guo
et al., employed TA and various metals to fabricate
MPN capsules for MRI and PET imaging (Fig. 8A, B)
[101].The Cu™-TA MPN, in particular, demonstrated
high efficacy for PET imaging. In the field of ultra-
sound imaging, Caruso et al.,, utilized CaCO3 as a
template to construct Fe"™"-TA MPN nanoparticles
[189]. Because MPN nanoparticles possess the abil-
ity to catalyze the conversion of H,0O, into O, micro-
bubbles, these Fe!''"-TA MPN nanoparticles could be
successfully used in ultrasound imaging to diagnose
internal levels of H,0, (Fig. 8C). Fluorescent imaging
technology is extensively utilized in optical imaging,
primarily for the real-time, dynamic, and non-invasive
detection of tumors. In the context of MPNs in fluores-
cent imaging, Pan et al,, encapsulated the PF-127 near-
infrared dye within MPNs to enable the visualization
of tumors using near-infrared fluorescent imaging and
PET imaging (Fig. 9A) [190]. The in vivo experiments
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demonstrated that the tumor tissue exhibited a signifi-
cantly higher fluorescence intensity compared to the
normal tissue when exposed to the PF-127 encapsu-
lated MPN (Fig. 9B, C).

In comparison to single-mode imaging, multimodal
imaging technology combines multiple imaging sys-
tems to achieve synergistic effects [191]. In this context,
Chen et al., employed Fe'™ or Mn'"* as crosslinking
agents to encapsulate DOX and simvastatin within
polyphenolic polymers for the purpose of dual-imag-
ing-guided tumor therapy using PET/MRI [192]. The
resulting nanoplatform demonstrated prolonged cir-
culation in the bloodstream and significant accumu-
lation in tumor tissue, as evidenced by MRI and PET
tests. The excellent near-infrared light absorption capa-
bility of MPNs not only endows them with the ability
for efficient photothermal conversion but also enables
their use for superior optical imaging (PAI). In this
context, Cai et al., prepared composite nanoparticles
(Fe'"™-PDA-ICG NPs) by loading indo-cyanine green
(ICG) onto Fe'"-PDA MPN for integrated tumor
diagnosis and therapy under the guidance of PAI/MRI
dual-imaging (Fig. 8D) [193]. As observed, due to their
versatility and ability to perform multiple functions, the
use of MPNs as multifunctional nanoplatforms in med-
ical imaging is extensive and prevalent.
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Others

In addition to the aforementioned applications, MPNs
are also utilized in the management of Alzheimer’s dis-
ease, cell encapsulation, and protection, among other
purposes. The amyloid hypothesis suggests that the
accumulation of amyloid B-peptide (AP) in brain tissue
plaques may be responsible for the development of Alz-
heimer’s disease [194]. Hence, inhibiting the accumu-
lation amyloid proteins AP could serve as a promising
therapeutic approach for treating Alzheimer’s disease
[195]. Due to the specific chelation sites between the his-
tidine parts of AP and transition metals such as Ni''* and
Co'™*, certain MPNs can effectively inhibit AR [196]. In
this context, Caruso et al., conducted a study to examine
how different MPN coatings affect gold nanoparticles in
their ability to prevent the formation of amyloid protein
AP [197]. Their findings indicated that all nanoparticles
were able to inhibit the formation of amyloid protein Ap.
In particular, nanoparticles coated with Cobalt*-TA
MPN exhibit the most significant inhibitory effect, with
a rate of 90%. Moreover, the molecular dynamics simula-
tions also indicated that the superior inhibitory activity
of Cobalt™-TA MPN could be attributed to the specific
geometric configuration of the cobalt coordination sites,
which enabled effective interaction with the histidine in

amyloid protein ApB. Thus, MPNs are regarded as a prom-
ising therapeutic approach for Alzheimer’s disease.
MPNs serve as an effective biointerface coating mate-
rial, capable of encapsulating bacteria or cells to provide
protection. For instance, Li et al., developed a Fel™_TA
MPN coating on the surface of cells as a means of safe-
guarding them against harm from external factors like
ultraviolet radiation and reactive oxygen species [198].
The Fe""-TA MPN coating exhibited superior proper-
ties compared to conventional coatings. Furthermore,
it could be disassembled in real-time when exposed to
external stimuli and demonstrates excellent biocompat-
ibility and biosafety. Thus, the technique of cell encapsu-
lation using MPN coatings can be employed for a wide
range of living cells, facilitating scientific investigation
and potential utilization of live cells in diverse domains.

The biosafety and fate of MPN in vivo

In vitro biosafety

The increasing utilization of MPNs in nanomedicine
has raised significant concerns regarding their bio-
compatibility and safety within a biological setting.
Although metal ions are crucial for life, they still carry
the potential for long-term toxicity [199]. Fortunately,
the potential toxicity of metal ions can be mitigated by
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chelating them with polyphenolic substances [77]. The
biocompatibility of MPNs can be evaluated through
both in vitro and in vivo assessments. Accordingly,
multiple studies have verified that MPNs demonstrate
favorable biocompatibility and minimal cytotoxic-
ity in vitro. Using the widely employed MPN types
(Fe'"/Fe!™-TA networks) as a case study, Ko et al.,
performed experiments in which fibroblasts were cul-
tured with Fe'™-TA MPN coatings and Fe'*-TA MPN
coatings for a duration of 24 h to assess their cell via-
bility [200]. The MTT assay results demonstrated that
the cell viability in the groups cultured with different
MPN coatings was greater than 80% (Fig. 10A). This
suggests that networks composed of Fe!'!'/Fe!'*-TA
exhibit favorable biocompatibility and hold promise as
potential candidates for nanomedical applications.

In addition to evaluating cell viability, alterations
in cell morphology serve as an indicator of MPN’s
in vitro biological safety. Li et al.,, utilized scanning
electron microscopy (SEM) to analyze the morpholog-
ical alterations of MC3TC-E1 cells following a three-
day co-culture with Mg-phenolic MPNs at different
concentrations [201]. The SEM micrographs revealed
that, following a three-day period of co-culture, cells
treated with Mg-phenolic MPNs exhibited noticeable
signs of increased cell growth and higher biocompat-
ibility with the surrounding environment, as compared
to the control group (Fig. 10B). As observed, numer-
ous studies have shown that MPNs exhibit favorable
biosafety characteristics in vitro.
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Biosafety and immunotoxicity in vivo
The biocompatibility of nanomaterials is an essential
requirement for their successful application in clini-
cal settings. Zhou et al., investigated the biosafety of the
Mn"*-TA MPN nano system in a mouse model [202].
The experimental data indicated that the mice’s body
weight, histopathological examination using HE staining
of major organs (such as heart, liver, lungs, etc.), and bio-
chemical indicators in the blood all fell within the nor-
mal range (Fig. 10C). Furthermore, the biodegradability
of the Mn"*-TA nano system was assessed through the
utilization of inductively coupled plasma optical emis-
sion spectrometry. The results revealed that around 80%
of Mn'"* was eliminated from the body within a span of
96 h. The results indicate that MPNs exhibit favorable
in vivo biosafety. Given that the body’s immune cells typi-
cally identify metal ions and their complexes as foreign
antigens [203], it is important to consider the poten-
tial immunotoxicity of MPNs in vivo. The induction
of immunotoxicity by metal ions and their complexes
involves a complex interplay of mechanisms, including
oxidative stress, inflammatory responses, autophagy and
apoptosis, organelle damage and functional disorders,
genetic material changes, immunosuppression, and dis-
ruption of metal homeostasis [203]. However, the immu-
notoxicity of MPNs may be reduced in comparison to
that of individual metal ions due to the chelating proper-
ties of polyphenolic substances.

Steven et al.,, performed an experiment to evaluate the
in vivo biosafety and immunogenicity of MPNs by subcu-
taneously injecting an MPN gel into mice [204]. Following
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Fig. 10 The biosafety and immune of MPN in vitro and in vivo. A The Cytotoxicity of different MPN group to NIH-3T3 fibroblasts. Reproduced

with permission from Ref[200]. Copyright 2020, Elsevier. B The effect of the Mg'*-TA MPN on cell morphology after 3 days of co-culture with cells

in vitro. Reproduced with permission from Ref. [201]. Copyright 2019, ACS. C The histology images of H&E staining slices for the major organs (heart,
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ACS. D The low immunotoxicity of Ti-Ta gel in vivo after subcutaneous injection. Reproduced with permission from Ref. [204]. Copyright 2019, RSC
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the subcutaneous injection of the Ti-Tannic gel, a mild
inflammatory response was triggered, and the gel under-
went gradual degradation (Fig. 10D). Additionally, no dif-
ference in the titanium concentration was observed in
the brain, heart, kidneys, and lung tissues of the treated
mice, when compared to the control group that did not
receive the Ti-Tannic gel injection. These studies suggest
that MPNs have favorable biosafety and minimal immu-
notoxicity in the in vivo microenvironment.

The fate of MPN in vivo

The trajectory of nanocomposite materials within the
human body, until their final outcome, can generally be
divided into four distinct processes: Administration, Bio-
distribution, Metabolism, and Elimination, collectively
referred to as ADME (Fig. 11) [205]. The following sec-
tion examines each of these four aspects separately to
elucidate the absorption, distribution, and the eventual
fate of the MPN nanoplatforms in vivo.

Administration

In order to exploit the therapeutic benefits, nanoma-
terials must initially penetrate the body through dif-
ferent methods of administration. At present, the use
of nanocomposite materials is mainly done through
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methods like injection (intravenous, subcutaneous,
intratumoral, etc.), inhalation, dermal administration,
and others (Fig. 11A) [206]. Each exposure method
possesses its respective advantages and disadvantages;
for instance, although intravenous injection can rap-
idly deliver nanomaterials throughout the body;, it also
renders them more susceptible to clearance by the
body’s kidneys and liver. In contrast, subcutaneous
and intratumoral injections can overcome the short-
comings of systemic medication by acting directly on
the affected area. Inhalation is another mode of drug
delivery, mainly used in pulmonary diseases and sys-
temic delivery of medications. For inhaled nanomedi-
cine, the smaller the size, the more likely it is to deposit
within the lung parenchyma [207]. Oral administra-
tion is commonly favored for nanomedicines due to its
non-invasive nature. However, enzymatic degradation,
gastric acids, and intestinal barriers have a substantial
effect on the bioavailability of nanomedicines [208].
Dermal administration is commonly used for lipo-
philic nanomedicines with a molecular weight less than
600 Da. As MPNs are mostly in the form of nanopar-
ticles, nano capsules, and so on, injection remains the
most frequently utilized method of administration for
MPN [209-211].
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Biodistribution

The biodistribution of composite nano systems upon
entering the body is a critical process that directly
impacts their therapeutic efficacy. The distribution pat-
terns of nanocomposite systems in the body can be cat-
egorized into three types: passive targeting, cellular
uptake, and active targeting (Fig. 11B) [205].

The main mechanism of passive targeting relies on the
phenomenon in which particular macromolecules have
a higher tendency to permeate and accumulate in tumor
tissues. This process is known as the enhanced perme-
ability and retention (EPR) effect [212]. Multiple studies
have shown that nanocarrier systems based on MPNs
exhibit notable passive targeting abilities, particularly by
accumulating in tumor tissues [134, 156]. In this context,
Mao et al. utilized EGCG, phenolic platinum (IV) prod-
rug (Pt-OH), and polyphenol modified block copolymer
(PEG-b-PPOH) as the building blocks to create complex
nanomedicine (PTCG NPs), which possess the ability
to eliminate tumor [213]. The ideal range for EPR (10—
200 nm) was achieved by adjusting the diameter of the
PTCG NPs. Consequently, animals in the PTCG NPs
injected group had eight times more intratumoral plati-
num than those in the cisplatin alone group due to the
EPR impact of PTCG NPs. When PTCG NPs were used
in clinical settings, their EPR action greatly increased cir-
culation time and tumor accumulation in comparison to
cisplatin, strengthening the anti-tumor efficacy and low-
ering systemic toxicity.

Cells internalize nanomaterials through two separate
endocytic pathways: pinocytosis and phagocytosis [214,
215]. Pinocytosis is a process that usually involves the
uptake of fluids and tiny molecules through small vesi-
cles that have a diameter of less than 0.15 pum. On the
other hand, phagocytosis involves the internalization of
larger particles through phagosomes that have a diameter
greater than 0.25 um. Zhou et al,, examined the process
of internalization of Mn"*-TA MPN-based nano sys-
tems [202].The confocal fluorescence microscopy stud-
ies demonstrated strong cytoplasmic fluorescence signals
originating from the Mn"*-TA MPN group, indicating
efficient cellular internalization.

Due to its high level of specificity, active targeting is
frequently considered the optimal method for distribut-
ing composite nanocomponents within the body. In this
context, Caruso et al., utilized the precise recognition
between antigens and antibodies to create nanoparticles
coated with MPN, which possess the ability to actively
target specific sites [216]. The design involved using a
group of nanoparticles coated with MPNs, specifically
Fel™, Cul™*, Co'™, and Ni'™*. All of these nanoparti-
cles showed potential for active targeting. However, the
Co'™-TA MPN exhibited a specific binding increase of
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more than two times compared to the others. Addition-
ally, Ju et al., synthesized MPN capsules by employing
CaCO3 as a template, enabling drug encapsulation and
selective targeting of cancer cells [104]. At first, employ-
ing a phenol-functionalized hyaluronic acid and polyeth-
ylene glycol coating, the study created cross-linked MPN
capsules that selectively bind to CD44* cells. These cap-
sules, when loaded with anti-cancer drugs, demonstrated
increased toxicity toward targeted CD44% cells, while
reducing non-specific toxicity.

To summarize, the biodistribution of MPNs within the
body is frequently encountered as a crucial factor that
impacts their therapeutic efficacy. Correspondingly, an
optimal distribution of MPNs should prioritize their con-
centration in the affected tissue regions while minimizing
their presence in healthy tissues, thereby minimizing the
toxic effects on normal organs.

Metabolism and excretion

Prior to elimination from the body, nanomedicines must
undergo the metabolic processes of the body. Non-bio-
degradable nanomedicines are excreted without being
broken down, whereas biodegradable nanomedicines
are broken down before excretion (Fig. 11C) [217]. Due
to their sensitivity to external stimuli, MPNs have a ten-
dency to degrade during metabolism and subsequently
be eliminated from the body [105].

As observed, the ultimate fate of nanomaterials in the
body is either accumulation or excretion (Fig. 11D). Nan-
oparticles that do not accumulate in organs and tissues
are excreted by the body. Increased nanoparticle circu-
lation duration and reduced clearance rate enhance the
probability of their accumulation through interactions
with tissues and organs. The body eliminates nanoparti-
cles through different pathways, such as renal clearance,
hepatic clearance, mucociliary clearance, gastrointestinal
tract clearance, and clearance by the reticuloendothelial
system (RES) [206]. Given the biodegradable character-
istics of MPNSs, the concentration of metallic ions can be
measured to determine the levels of MPN-based nano
systems [218]. Renal clearance is the fastest and safest
way to eliminate substances from the body; however, it is
limited to nanoparticles that have a diameter of less than
6 nm [219-221]. The hydrodynamic diameter of compos-
ite nanocomponents is a key factor in determining renal
clearance. In order to assess the impact of hydrodynamic
diameter on MPNs on their removal from the body, Liu
et al., developed pH-sensitive nanodots (Fe-CPND) for
the treatment of tumors by utilizing Fe'™ EGCG, and
poly(vinylpyrrolidone) [222]. The Fe-CPND nanopar-
ticles had a hydrodynamic diameter of approximately
5.4 nm and exhibited a neutral surface charge. Addition-
ally, animal models subjected to MRI scans exhibited
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prompt signal enhancement in the kidneys and blad-
der subsequent to the intravenous administration of Fe-
CPND nanoparticles. The signal intensity in the kidneys
and bladder commenced diminishing 1.5 h post-injection
and subsequently returned to baseline levels after 24 h.
Correspondingly, the urinalysis conducted during the
treatment revealed a progressive increase in the con-
centration of Fe ions and the MRI signal. These findings
indicate that Fe-CPND nanoparticles can be efficiently
eliminated via renal excretion.

Hepatic clearance becomes the primary method of
excretion for nanoparticles that are not able to be elimi-
nated by the kidneys. Nanoparticles are eliminated by
the liver via the following specialized epithelial cells: (1)
hepatocytes; (2) phagocytic Kupffer cells. Hepatocytes
and Kupffer cells have distinct functions in clearing dif-
ferent types of nanoparticles. Hepatocytes are responsi-
ble for clearing cationic nanoparticles, while Kupffer cells
primarily clear anionic nanoparticles [223-226]. Hepat-
ocytes uptake nanoparticles via endocytosis and enzy-
matic activity, and subsequently eliminate them into the
small intestine through bile, resulting in their excretion
with feces [227]. On the other hand, Kupffer cells phago-
cytose nanoparticles and retain the captured material
within the RES for clearance [228]. The RES is comprised
of a network of macrophages distributed throughout dif-
ferent organs [229], primarily responsible for removing
substances from the blood and lymph nodes. RES cells
are distributed throughout various organs, with a higher
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concentration in the liver. Due to the slow clearance of
nanoparticles by the mononuclear phagocyte system
(MPS) in the RES, there is an increased risk of toxicity
to the organism. In general, Kupffer cells exhibit greater
efficacy in the removal of nanoparticles compared to
hepatocytes.

Renal clearance is restricted to ultrasmall nanoparticles
less than 6 nm in diameter, whose EPR tumor accumula-
tion effect tends to be weak [230]. Larger nanoparticles
exhibit a stronger EPR effect but require RES clearance,
resulting in lower clearance efficiency. Therefore, MPN
nanocomponents that efficiently accumulate in tumors
due to the effect, and are also quickly eliminated through
the kidneys, represent an optimal platform for treating
tumors. In this context, Wang et al.,, synthesized multi-
functional nanoparticles (FeTNPs) by combining Fe!l'*,
TA, and poly(glutamic acid)-graft-methoxypoly(ethylene
glycol) (PLG-g-mPEG) under specific conditions
(Fig. 12A) [218]. The FeTNPs, owing to their greater
molecular size, efficiently accumulated in tumor tissue
through the EPR effect, thus imparting imaging capabili-
ties. Furthermore, the FeTNPs were able to dynamically
disassemble into extremely small nanoparticles when
exposed to deferoxamine (DFO), allowing for rapid renal
clearance (Fig. 12B). As depicted in Fig. 6B, C, the liver
iron content in DFO-injected mice was significantly
lower than that in mice without DFO injection, whereas
the kidney iron content in DFO-injected mice was mark-
edly elevated, reaching up to fivefold that of mice without
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DFO injection. These findings suggest that DFO-induced
disassembly may shift the clearance pathway from hepa-
tobiliary to renal, potentially attenuating long-term liver
damage. The AUC analysis revealed that in mice without
DFO injection, liver AUC was 2.2 times higher than in
DFO-injected mice within 48 h post-injection, indicating
accelerated liver clearance (Fig. 12E). Conversely, kidney
AUC in DFO-injected mice was 2.8 times higher, suggest-
ing predominant renal clearance (Fig. 12F). In Fig. 13G,
H, fecal iron levels were notably higher in mice without
DFO injection, indicating hepatic clearance of FeTNPs
without DFO. Conversely, DFO-injected mice exhibited
elevated urinary iron levels, suggesting renal clearance
of disassembled FeTNPs with DFO.Similarly, Xu et al.,
constructed an MPN platform (FeAP-NPs) with a diam-
eter of 65 nm using Fe'™*, ACN, and PLG-g-mPEG for
the purposes of tumor imaging and photothermal ther-
apy [134]. The FeAP-NPs exhibited potent MRI imaging
capabilities, while also demonstrating capacity for photo-
thermal conversion. Furthermore, the FeAP-NPs had the
ability to undergo dynamic disassembly when exposed
to DFO, resulting in a transition from RES clearance to
renal clearance. Consequently, the FeAP-NPs were able
to eliminate tumors under PA and MRI guidance through
PTT while being rapidly eliminated via renal excretion.
Conversely, mucociliary clearance comprises the primary
excretion method for inhaled nanoparticles.

In general, the elimination of MPN nanosystems is
influenced by various factors, such as the type of mate-
rial, the size of the particles, and any alterations made to
the surface. The elimination of MPN nanosystems poses a
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dual challenge for the body; early elimination can dimin-
ish the therapeutic benefits of MPNs, whereas delayed
elimination can heighten toxicity. Hence, it is imperative
to delve deeper into the intricate metabolic mechanisms
of MPNs within the body to devise an optimal nanother-
apeutic platform for MPNs.

Summary and prospect

The current review provides a comprehensive overview
of the structural elements, synthetic techniques, func-
tional characteristics, applications in nanomedicine, and
distribution within living organisms of MPNs. Accord-
ingly, the structure, functionality, and specific uses of
representative phenols and metal ions is first discussed.
Phenols, which are typically categorized into natural and
synthetic phenols, have been extensively researched in
various biomedical fields due to their exceptional prop-
erties [231-236]. Additionally, metal ions are essential
nutrients for the human body and frequently serve as the
basis for creating materials with optimal characteristics
[237-239]. MPNss integrate the functions of both compo-
nents, thereby providing a novel avenue for the advance-
ment of multifunctional nanoplatforms.

The synthesis of MPNs primarily includes direct
self-assembly, template self-assembly, emulsion-based
assembly, and other assembly methods. Depending on
the external conditions during the assembly process,
MPNs can take the form of particles, nanoparticles,
nano-coatings, capsules, hydrogels, etc., for use in nano-
medicine. Nanoparticles are the most common form of
MPNs post-synthesis, with most methods being one-step
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syntheses [108, 240, 241]. Due to the adhesive proper-
ties of phenols, another common application of MPNs
is in nano-coatings and films, which are primarily used
for antibacterial, antifungal, substance separation, and
even hair dyeing applications [25, 242-244]. The hol-
low capsule form of MPNs, with its excellent stimulus
responsiveness and drug loading capacity, is often used
in disease treatment as a carrier for nanomedicines [101,
152, 245-247]. Owing to the polyhydroxylated structure
of MPNs, they can also function through the formation
of hydrogels. For example, Rahim et al. found that TA and
group IVB metal Ti'V* could form supramolecular gels in
specific solvents [148]. Sun et al. developed an MPN gel
to protect probiotics used in the treatment of infected
wounds [248]. Experiments in vitro and in vivo showed
that the MPN hydrogel could support the survival of pro-
biotics in the presence of antibiotics, thus accelerating
wound healing.

Synthesized MPNs possess numerous excellent func-
tional characteristics, such as adhesive properties, pho-
tothermal conversion, stimulus responsiveness, and
lysosomal escape. Based on these traits, MPNs have been
extensively studied in fields such as cancer diagnosis and
treatment [160, 188, 249-252], antimicrobial applica-
tions [253-255] and inflammatory diseases [256, 257]. In
addition to the applications of MPNs in nanomedicine,
other key areas of concern include the fate of MPNs in
the body and their biosafety. The journey of nanomateri-
als in the body often follows the ADME principles [205].
After entering the body through various exposure routes,
MPNs are distributed to different parts of the body.
MPNs then undergo decomposition and metabolism
while exerting their effects. Finally, most components
of MPNs are excreted via different routes, while a small
fraction may accumulate in the body’s organs [31]. Bal-
ancing the targeted accumulation of MPNs in lesioned
areas with the body’s effective clearance of MPNss is cru-
cial in applying MPNs in the field of nanomedicine.

Despite the growing body of research on MPNs within
the field of nanomedicine [258—-261], there remains a sig-
nificant gap before clinical translation can be achieved.
The current state of research on MPNs is characterized
by several limitations and deficiencies, which include:
(1) The origins and mechanisms behind certain func-
tional properties of MPNs are unclear. For instance, only
some MPNs (e.g., those based on Fel't, RUM*, Vit
possess an extensive light absorption spectrum, while
others have weaker capabilities[78]; (2) The specific rela-
tionship between the structure of MPNs and their func-
tionality has yet to be elucidated. Understanding this
relationship will aid in better balancing MPN functions
against potential toxicity and in identifying the optimal
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metal-phenol ratios; (3) The mechanisms by which the
physicochemical properties of metal ions influence the
stimulus responsiveness and stability of MPNs are not
fully understood; different metal ions can affect many
characteristics of MPNs, but the underlying mechanisms
are yet to be unpacked; (4) The long-term carcinogenic-
ity, teratogenicity, and other potential hazards of MPNs
in humans are not clear; as most in vivo studies have
been limited to mouse models without long-term follow-
up, the long-term risks associated with MPNs require
further investigation.

The future development trends for MPNs can be
identified as follows: (1) Development of simpler, more
convenient, and greener synthesis methods, which are
foundational for the clinical translation and large-scale
industrial production of nanomaterials; (2) Expansion of
the selection range of phenols and metal ions in MPNs,
as these are the primary sources of MPN functions, and
different types can have variable functionalities. Thus,
exploring a broader range of metal ions and phenol types
will assist in developing more ideal MPNss; (3) Integration
of MPNs with bioactive components (DNA, RNA, pro-
teins) [262-264] or including di-metal and multi-metal
components within MPNs [265, 266]. The combination
of MPNs with bioactive components has the potential to
endow MPNs with new functions and possibilities. Com-
pared to mono-metal MPNs, multi-metal MPNs pos-
sess a greater array of functions and properties, thereby
enhancing therapeutic effects; 4) Improvement of the
active targeting of MPNs. Future research will focus on
the combination of MPNs with active targeting moie-
ties such as hyaluronic acid, folic acid, antibodies, etc.,
to form MPNs with active targeting properties [104]. (5)
Development of intelligent MPN nano systems that spe-
cifically respond to the disease microenvironment. Such
MPN nano systems are designed to reduce toxic side
effects in systemic circulation and to increase therapeutic
efficacy [255]. (6) Utilization of MPNs as multifunctional
nanoplatforms for combination therapy. The high plastic-
ity of MPNs allows for the simultaneous integration of
different therapeutic methods, thereby exerting synergis-
tic effects (Fig. 13) [165, 213].

To summarize, the unique functional properties of
MPNs make them highly promising for various applica-
tions in the field of nanomedicine. If the identified limi-
tations of MPNs are resolved in the future, MPNs have
the potential to become an essential component of nano-
medicine. This review comprehensively collates and con-
denses the existing research on MPNs, with the aim of
offering guidance and establishing a foundation for future
research and clinical application of MPNs.
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PET Position Emission Computed Tomography
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