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Abstract 

Polyphenols, due to their high biocompatibility and wide occurrence in nature, have attracted increasing 
attention in the engineering of functional materials ranging from films, particles, to bulk hydrogels. 
Colloidal particles, such as nanogels, hollow capsules, mesoporous particles and core-shell structures, 
have been fabricated from polyphenols or their derivatives with a series of polymeric or biomolecular 
compounds through various covalent and non-covalent interactions. These particles can be designed with 
specific properties or functionalities, including multi-responsiveness, radical scavenging capabilities, and 
targeting abilities. Moreover, a range of cargos (e.g., imaging agents, anticancer drugs, therapeutic 
peptides or proteins, and nucleic acid fragments) can be incorporated into these particles. These 
cargo-loaded carriers have shown their advantages in the diagnosis and treatment of diseases, especially 
of cancer. In this review, we summarize the assembly of polyphenol-based particles, including 
polydopamine (PDA) particles, metal-phenolic network (MPN)-based particles, and polymer-phenol 
particles, and their potential biomedical applications in various diagnostic and therapeutic applications. 
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Introduction 
Polyphenols are a big family of organic 

compounds with multiple phenol units and wide 
occurrence in nature (e.g., most of plants and many 
families of animals) [1-3]. They play important roles in 
both plants and animals, including regulation of 
hormones as signaling molecules, UV screening, 
antioxidant effects, and prevention of microbial 
infections [4-6]. Polyphenols have also been widely 
used in diverse chemical industries for several 
decades. For example, they have been used as dyes or 
inks in the printing and dyeing industries, for tanning 
leather in the leather industry, as ingredients to make 
adhesives, and as additives in food industries [1]. 
However, polyphenols were not popular as building 
blocks for material engineering until the 
mussel-inspired coating strategies independent of 
substrates came into sight over a decade ago [7]. Ever 
since then, a series of compounds containing 
dihydroxyphenyl (catechol) and/or or 
trihydroxyphenyl (galloyl) groups have been 

intensively investigated for interface engineering and 
particle assembly. 

Due to the existence of catechol and/or galloyl 
groups in polyphenols, various covalent and 
non-covalent interactions can be involved in the 
assembly of polyphenol-based materials. For instance, 
catechol or galloyl groups can partially be oxidized to 
quinone groups in the presence of oxygen under 
neutral or weak alkaline conditions (e.g., in the 
physiological or marine environment), which could 
result in self-polymerization of the precursors to form 
oligomeric/polymeric polyphenols and self-assembly 
of polyphenols into films or particles [4, 7]. The 
quinone groups are also reactive to other functional 
groups (e.g., amine and thiol groups) through Michael 
addition or Schiff base reactions, enabling the 
addition of extra functions to the polyphenol-based 
materials [7]. Catechol or galloyl groups can be 
engaged in multivalent coordination interactions with 
metal ions to form metal-phenolic network (MPN) 
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complexes for the assembly of films, particles, and 
hydrogels [8-11]. It has been approved that there are 
big libraries of both polyphenols and metal ions for 
the construction of multifunctional MPN-based 
particles [12-15]. The catechol group as a special 
cis-diol can also form a reversible boronate ester bond 
with boronic acid, which is both pH and cis-diol 
responsive [16, 17]. In addition, catechol or galloyl 
groups have been reported being engaged in other 
non-covalent interactions, including hydrogen 
bonding, hydrophobic interactions, electrostatic 
interactions, π-π stacking and cation-π interactions 
[18-21]. Therefore, polyphenols are easy to interact 
with a wide range of polymers, including the 
synthetic poly(ethylene glycol) (PEG), 
poly(ethyleneimine) (PEI), poly(N-vinylpyrrolidone) 
(PVPON), and polypeptides (e.g., polyglutamic acid, 
PGA), as well as the natural polysaccharides, proteins 
and nucleic acids, forming polymer-phenol-based 
complexes, capsules, particles and hydrogels [18, 
22-25]. In addition to natural polyphenols, a series of 
catechol- or galloyl-functionalized polymers have 
been synthesized for the assembly of polymeric 
materials based on versatile polyphenol chemistry 
[26-30]. 

Over the past decade, a wide range of 
polyphenol-based materials, especially polyphenol- 

based colloidal particles have been designed [31-33]. 
Via controlling the physiological properties (e.g., size, 
shape, and surface chemistry) of polyphenol-based 
particles they have exhibited their potential in a large 
variety of biological and biomedical applications, 
including drug delivery, antibacterial applications, as 
well as the diagnosis and treatment of various 
diseases, especially cancer (Figure 1) [33-35]. For 
instance, mussel-inspired melanin-like polydopamine 
(PDA) particles have been engineered for 
photoacoustic (PA) imaging and photothermal 
therapy (PTT) of cancer [36-38]. PDA particles showed 
high biocompatibility, physiological stability, and 
photostability in both in vitro and in vivo tests [34, 37, 
38]. In addition, PDA particles could be incorporated 
with a variety of cargos, including anti-cancer drugs 
for chemotherapy, metal ions as imaging agents, 
photosensitizers for photodynamic therapy (PDT), 
siRNA for gene therapy, as well as different 
functional nanoparticles as imaging or therapeutic 
agents [39-43]. Thereby, the PDA-based particle 
systems have been demonstrated for a series of 
imaging-guided combination therapy of cancer [32, 
41, 44, 45]. MPN-based particles are another family of 
particles which have shown great promising in 
imaging and therapeutic applications [12, 46, 47]. 
Similar to PDA particles, MPN-based particles could 

encapsulate a wide range of cargoes, such 
as therapeutic agents and imaging agents 
[47-50]. Moreover, MPN-based particles 
allow for the addition of extra functions, 
such as targeting abilities, via either 
pre-functionalization of the building 
blocks or post-functionalization of the 
fabricated particles [14, 51, 52]. 
MPN-based particles have shown their 
potential in the development of universal 
blood, the efficient inhibition of tumor 
growth in a tumor-bearing model, and 
the successful prevention of tumor 
metastasis or recurrence [48, 53, 54]. 
Polymer-phenol particles assembled 
based on the interactions between 
polyphenols and a large variety of 
natural or synthetic polymers have also 
shown advantages in the delivery of 
therapeutic and/or imaging agents for 
the treatment of diseases [26, 30, 33, 55]. 
In particular, the construction of 
protein-polyphenol capsules, conjugates, 
and self-assembled nanoparticles have 
resulted in a series of drug delivery 
carriers for both oral and intravenous 
delivery of therapeutic agents for the 
treatment of different diseases, including 

 

 
Figure 1. The design of polyphenol-based particles for diagnosis and therapy of cancer and many other 
diseases. (Abbreviations: PDA, polydopamine; MPN, metal-phenolic networks; PDT, photodynamic 
therapy; PTT, photothermal therapy; MTT, microwave thermal therapy; MR, magnetic resonance; PA, 
photoacoustic imaging; PET, positron emission tomography; CT, X-ray computed tomography.) 
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colon cancer, infectious diseases, heart diseases and 
Alzheimer’s disease [55-59]. Besides, due to the 
biocompatibility and biodegradability of the building 
blocks, the protein-polyphenol particles displayed 
responsiveness to biological enzymes with negligible 
acute or long-term toxicity [55]. 

The fascinating properties and prosperous 
functions of polyphenols have attracted extensive 
interests to design polyphenol-based materials, 
especially nanostructured particles, for diverse 
biomedical applications with enhanced efficacy but 
reduced side effects. In previous reviews, specific 
types of polyphenol-based particles, such as 
melanin-like PDA nanoparticles, or a broader range of 
polyphenol-based materials, including particles, films 
and hydrogels, were discussed with the focuses on 
their structures, properties, and assembly 
mechanisms [26, 31-33, 35]. Herein, we focus on the 
composition, design, and therapeutic and/or 
diagnostic applications of polyphenol-based particles 
(Figure 1). On the basis of particle composition, the 
description of polyphenol-based particles is divided 
into three sections, which are PDA particles, 
MPN-based particles, and polymer-phenol particles. 
The pros and cons of each type of particles will be 
discussed. In addition, prospects for further 
improvement and advanced applications of each 
particle systems are also covered in this review.  

Mussel-Inspired PDA Particles 
Melanin-like PDA nanoparticles 

Dopamine with a catechol and an amine groups 
has been widely used for the engineering of surface 
coatings with diverse functionalities due to the easy 
occurrence of oxidation and self-polymerization of 
dopamine into PDA, which enabled quick surface 
coating and further surface functionalization [7, 

60-63]. In addition, PDA has been extensively 
investigated in the synthesis of colloidal nanoparticles 
for biomedical applications. Artificial melanin 
nanoparticles are an important type among the PDA 
particles. Melanin, one of the most ubiquitous 
pigments, has a variety of important functions in the 
biosystem, including photoprotection, free radical 
scavenging, thermoregulation, antibiotic abilities, and 
as neurotransmitter involved in the neural regulation 
[32, 36, 37, 64, 65]. The mostly used methods to 
synthesize melanin-like PDA particles are the 
oxidation of dopamine or 3,4-dihydroxyphenyl-
alanine (DOPA) under basic conditions, which allow 
the occurrence of self-polymerization and the growth 
of melanin-like particles (Figure 2) [32, 36, 37, 66, 67]. 
Lee and co-workers reported a simple method to 
synthesize melanin-like PDA particles, through 
spontaneous air oxidation of dopamine [36]. The 
existence of oxygen in the solution and the basic 
condition were essential for the synthesis process via 
oxidation of dopamine followed by the 
intra/intermolecular cross-linking reactions. The size 
of melanin-like nanoparticles were well controlled 
from tens to hundreds of nanometers by tuning the 
concentration of dopamine, the amount of NaOH 
added into the reaction solution, and the reaction 
temperature. Subsequent surface functionalization of 
the melanin-like particles with thiol-terminated 
methoxy-PEG (mPEG-SH) further improved their 
dispersity in aqueous solutions as well as in biological 
media. Moreover, the surface functionalization did 
not influence their radical scavenging ability of the 
melanin-like nanoparticles. This study provides a 
simple and feasible method for the synthesis of 
melanin-like PDA particles and promotes the research 
on properties and potential biomedical applications of 
these artificial melanin-like particles. 

 

 
Figure 2. (A) Schematics showing the formation of melanin-like PDA particles loaded with anti-cancer drugs (doxorubicin, DOX and 7-ethyl-10-hydroxycamptothecin, SN38). 
(B) Triggered-drug release by near-infrared light, pH, or ROS from PDA particles for cancer therapy. Adapted with permission [38]. Copyright 2015 Elsevier. 
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Figure 3. (A) Schematic illustration of the preparation of DOX-loaded HES-PDA and PEG-PDA nanoparticles for cancer chemotherapy. (B) Photographs of PDA, HES-PDA and 
PEG-PDA nanoparticles suspended in H2O, PBS, DMEM, and 20% FBS for 24 h. (C) Ex vivo fluorescence images of tumor, kidney, lung, spleen, liver, and heart showing the 
distribution of DOX (24 h post-injection). Adapted with permission [72]. Copyright 2018 Elsevier. 

 
Due to the broad light adsorption of PDA from 

UV to near-infrared (NIR) wavelengths, PDA particles 
have been used as photosensitizing agents for PTT of 
cancer [32, 37, 38]. The NIR laser irradiation at 808 nm, 
under which PDA exhibited high absorption and 
photothermal conversion efficacy, is usually used to 
assist PDA for PTT [37, 38, 44, 45]. While for certain 
cases in which other photosensitizers were 
incorporated into the PDA-based particles, lasers with 
different wavelengths were also used to achieve the 
highest absorption of the loaded photosensitizers [40, 
68]. Based on the oxidation and self-polymerization of 
dopamine mentioned above, melanin-like PDA 
nanoparticles were synthesized in a mixture of water, 
ethanol and ammonia [37]. The size of the synthesized 
PDA nanoparticles could be controlled via tuning 
either the molar ratio of ammonia to dopamine or the 
reaction time. The PDA nanoparticles exhibited high 
photothermal conversion efficiency and high 
photostability superior to gold nanorods (AuNRs) 
which easily aggregated under laser irradiation and 
lost NIR absorbance. Instead, PDA nanoparticles 
could continuously adsorb light and convert light into 
heat to raise the local temperature during laser 
irradiation. Although the measured NIR 
photoadsorption capability of the synthesized PDA 
nanoparticles was not as high as porphysomes, it was 
much higher than most of the reported photothermal 
therapeutic agents (e.g., copper selenide, carbon 
nanotubes and Malachite Green) [37, 69-71]. As PDA 
nanoparticles were highly biocompatible, they could 
only destroy cancer cells with the assistance of NIR 
irradiation. After intratumoral injection into tumor 
bearing mice, PDA particles facilitated by laser 
irradiation could cause the necrosis of tumor tissues 
and the subsequent ablation of tumor. In addition, 

magnetic resonance (MR) imaging agents (e.g., 
Gadolinium, GdIII) could be embeded into PDA 
nanoparticles (Gd-PDA nanoparticles) for both MR 
imaging and PTT of tumor in vivo. The surface of 
PDA nanoparticles could be further modified by 
using amine-terminated mPEG (mPEG-NH2) for 
enhanced dispersity [38]. Moreover, a series of 
anticancer drugs, including DOX and SN38, could be 
loaded in the PDA nanoparticles via hydrogen 
bonding and/or π-π stacking (Figure 2). The 
drug-loaded PDA particles showed good 
drug-retaining ability in physiological conditions and 
multi-responsiveness to multi-stimuli including pH, 
NIR irradiation and reactive oxygen species (ROS) for 
triggered drug release (Figure 2). The drug-loaded 
PDA nanoparticles were applied for photothermal- 
chemotherapy assisted by NIR irradiation, which 
exhibited synergetic effect for cancer treatment with 
minimal toxicity to normal tissues. These studies 
indicate that the synthetic melanin-like PDA particles 
with functional modification can act as good 
candidates for efficient cancer therapy. 

Except for PEG, hydroxyethyl starch (HES) was 
also used for the surface modification of PDA 
nanoparticles to enhance their dispersity under 
physiological conditions (Figure 3) [72]. The 
HES-functionalized PDA (HES-PDA) nanoparticles 
showed similar stability, drug loading efficiency and 
biocompatibility compared to the conventional 
PEGylated PDA (PEG-PDA) nanoparticles. Moreover, 
similar to PEG-PDA nanoparticles, DOX-loaded 
HES-PDA nanoparticles exhibited high tumor 
accumulation and tumor inhibition efficacy with 
minimal side effect (Figure 3). Therefore, the 
polysaccharide HES could act as an efficient substitute 
of PEG for the surface modification of PDA 
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nanoparticles. Apart from the good dispersity, PDA 
nanoparticles could obtain targeting specificity via 
surface functionalization with targeting moieties, 
such as hyaluronic acid (HA) and arginine-glycine- 
aspartic-cysteine acid peptide (RGDC) [40, 45]. Na 
and co-workers reported a surface functionalization 
process of PDA nanoparticles via the iron-mediated 
coordination chemistry by using the 
photosensitizer-conjugated HA (HA-photosensitizer), 
resulting in the HA-photosensitizer shielded PDA 
(PHPD) nanoparticles [40]. When HA-photosensitizer 
was deposited onto the surface of PDA particles, both 
the fluorescence emissions and the ROS generation of 
the photosensitizer were quenched by the PDA core. 
Upon the internalization of PHPD nanoparticles by 
tumor cells via HA receptor-mediated endocytosis, 
the HA-photosensitizer shells were degraded by 
hyaluronidase, a cancer-selective enzyme, releasing 
photosensitizers from PHPD nanoparticles. The 
released photosensitizers restored their fluorescence 
and ROS generation ability for PDT of cancer. On the 
other hand, the PDA cores, assisted by laser 
irradiation, showed efficient photothermal conversion 
ability for PTT of cancer. This system could act as an 
efficient combined therapy of PDT and PTT for cancer 
treatment. RGDC peptides could also be 
functionalized onto the surface of PDA particles via 
covalent bonding by using a bi-functionalized PEG 
linker, providing the PDA particles with targeting 
specificity to integrin αVβ3-positive cancer cells [45]. 
DOX as the model drug for chemotherapy of cancer 
was then loaded into PDA nanoparticles and could be 
subsequently released with the trigger of pH and NIR 
light. Furthermore, the PDA nanoparticles with high 
NIR absorbance showed high PA imaging efficiency 
and PTT of cancer. Therefore, this PDA nanoparticle 
system with targeting ability could achieve PA 
imaging-guided cancer therapy through the 
synergistic effect of PTT and chemotherapy. 

Besides chemotherapeutic agents (e.g., DOX), 
other cargos, such as photosensitizers for PDT and 
PTT, contrast agents for MR imaging, and siRNA for 
gene therapy, can be loaded into PDA nanoparticles 
[42-44, 68, 73]. For example, Chlorin e6 (Ce6) was 
loaded into the polymer matrix of PDA nanoparticles 
during the synthesis of particles via π-π stacking [68]. 
The loading process did not change the surface charge 
or hydrophilicity of the resulted Ce6-loaded PDA 
(PDA-Ce6) nanoparticles. Besides, the PDA-Ce6 
nanoparticles showed prolonged release of Ce6 
through passive release and enhanced cell uptake by 
endocytosis. In vitro assay results demonstrated the 
therapeutic efficacy of the PDA-Ce6 nanoparticles 
under laser irradiation via the combined PDT and 
PTT. Indocyanine green (ICG), a photothermal agent, 

could be loaded into PDA nanoparticles via both 
electrostatic and hydrophobic interactions, which 
increased the photostability of ICG [44]. DOX as the 
model drug for chemotherapy was adsorbed onto the 
surface of PDA nanoparticles through π-π stacking 
and hydrophobic interactions following the 
nanoparticle surface modification with PEG-grafted 
poly(maleic anhydride-alt-1-octadecene) (C18PMH- 
PEG). The release of DOX could be triggered by both 
pH and the NIR laser irradiation. Manganese ion 
(MnII) was then loaded into the nanoparticles via 
coordination interactions and was used as the contrast 
agent for MR imaging. The MnII-doped PDA 
nanoparticles exhibited both brightening effect under 
T1-weighted MR imaging and darkening effect under 
T2-weighted MR imaging in a concentration- 
dependent manner. Moreover, the temperature 
changes caused by ICG and the PDA core during laser 
irradiation could be monitored by the infrared (IR) 
camera, allowing the IR thermal imaging of tumor 
sites. Overall, this multi-cargo-doped PDA 
nanoparticle achieved imaging-guided combination 
cancer therapy, with high synergistic efficacy of PTT 
and chemotherapy in a mouse tumor model. Similar 
to MnII, other metal ions, including iron (FeIII) and 
copper (CuII), could also be loaded into PDA 
nanoparticles for the application as MR imaging 
agents. The encapsulation amount of FeIII could be 
tuned by using different doping strategies, either 
post-doping strategy or pre-polymerization doping 
strategy [73]. Therefore, the FeIII-doped PDA 
nanoparticles could achieve optimized MR contrast 
for efficient MR imaging via controlling the amount of 
the doped FeIII. The loading of cytotoxic CuII in PDA 
nanoparticles could be achieved during the oxidation 
and self-polymerization of dopamine [42]. The loaded 
CuII, which release was mainly stimulated in acidic 
environment, could be used not only as the contrast 
agent for MR imaging, but also as the 
chemotherapeutic agent for cancer treatment. Thus, 
the CuII-doped PDA nanoparticles with long blood 
circulation and stability would be potential for MR 
imaging-guided PTT and chemotherapy of cancer. 
Gene therapy has been reported by loading siRNA 
onto the surface of tertiary amine-modified 
mesoporous PDA nanoparticles via electrostatic 
interactions [43]. An out layer coating of calcium 
phosphate (CaP) was then formed via PDA-induced 
biomineralization and acted as the protecting layer to 
prevent the premature release of the loaded siRNA. 
Upon cell internalization, the CaP layer on PDA 
nanoparticles was degraded due to the low pH in 
lysosomes, which resulted in the release of the siRNA 
and the expose of tertiary amine and catechol groups 
on PDA nanoparticles. The amine and catechol 
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groups worked synergistically, achieving wet 
adhesion and resulting in the destabilization of 
lysosome membranes. Hence, the released siRNA 
could efficiently escape from lysosomes and 
consequently exhibited high gene silencing efficacy. 
In addition, PDA nanoparticles could be utilized as 
photothermal conversion agents for PTT. Therefore, 
the reported particles could serve as a platform for the 
combination of gene therapy and PTT for efficient 
tumor ablation. 

PDA capsules and core-shell particles 
In addition to PDA nanoparticles, PDA capsules 

with a hollow structure could also be fabricated via 
templated processes for cancer therapy [41, 74-77]. 
PDA capsules could be prepared by coating PDA on 
emulsion droplets followed by the removal of the 
templates [74, 78]. The hydrazone bond-linked 
polymer-drug conjugates (DOX conjugated to 
thiolated poly(methacrylic acid), PMASH-DOX) were 
then deposited onto the surface of PDA capsules via 
thiol-catechol reactions. The DOX-doped PDA 
capsules showed triggered release of DOX at 
lysosomal/endosomal pH and higher cancer cell 
toxicity compared to free DOX, indicating their ability 
for anticancer drug delivery. PDA shells could also 
form on DOX-loaded polymer micelles [75]. The PDA 
shells not only acted as photothermal conversion 
agents for PTT, but also provided immobilization sites 

for the administration of another anti-tumor drug 
bortezomib (Btz) (Figure 4). The loaded DOX and Btz 
could be released within tumor cells triggered by pH 
and NIR. Such a core-shell nanoparticle platform was 
anticipated to combine PTT and chemotherapy for 
efficient cancer treatment. PDA capsules could also be 
prepared by using sacrificial silica nanoparticles as 
templates [76]. Ionic liquids (ILs), as microwave 
susceptible agents, were then loaded into the cavity of 
PDA capsules through ultrasonication under vacuum 
environment. The IL-doped PDA capsules exhibited 
efficient anti-tumor effect through microwave thermal 
therapy. DOX was then loaded into the IL-doped PDA 
capsules to achieve the combination of chemotherapy 
and microwave thermal therapy with minimal acute 
tissue toxicity [41]. 

PDA shells could also form on functional 
particles, resulting in the composite core-shell 
particles. Dopamine polymerization on the surface of 
branched gold-silver (Au-Ag) nanoparticles resulted 
in the PDA-coated Au-Ag nanoparticles 
(Au-Ag@PDA NPs) [79]. PDA shells significantly 
improved the properties of Au-Ag NPs, including 
their biocompatibility, structural stability, and 
photothermal transduction efficiency. Au-Ag@PDA 
NPs with much higher photothermal transduction 
efficiency (up to 70%) compared to traditional Au 
nanostructures would be competitive as a PTT agent 
for tumor ablation. PDA-capped Fe3O4 superparticles 

(Fe3O4@PDA SPs) were fabricated via 
dopamine polymerization on a 
cluster of pre-assembled Fe3O4 
nanoparticles [39]. Compared to the 
pre-assembled Fe3O4 nanoparticles, 
Fe3O4@PDA SPs exhibited enhanced 
photothermal and MR imaging 
performances due to the 
agglomeration of Fe3O4 nanoparticles 
in the superparticles. Besides, the 
PDA shell provided the Fe3O4@PDA 
SPs with highly improved 
biocompatibility and stability, as well 
as extra photothermal efficacy. In a 
tumor-bearing mouse model, the 
Fe3O4@PDA SPs demonstrated their 
great potential as the in vivo MR 
imaging probe and photothermal 
agent for both the diagnosis and 
ablation of tumor. Moreover, similar 
to PDA nanoparticles, the PDA shells 
could also be incorporated with 
imaging or therapeutic agents (e.g., 
CuII), introducing extra functions to 
the composite core-shell particles. 
Zhang and co-workers designed the 

 

 
Figure 4. (A) The design of Dox- and Btz-loaded PDA-coated nanoparticles. (B) Schematic illustration of the 
PDA-coated nanoparticles for dual drug delivery and photothermal therapy. (C) Antitumor activities of drug 
formulations in a xenograft model of human breast cancer in BALB/c athymic nude mice. (D) IR thermographic 
images of tumors after laser irradiation for 8 min. Adapted with permission [75]. Copyright The Royal Society of 
Chemistry 2015. 
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CuII-doped PDA shell-coated AuNRs 
(AuNR@Cu-PDA) for dual-model imaging and 
combined cancer therapy [80]. In addition to CT 
imaging using AuNRs, the CuII doped in the PDA 
shell provided the AuNR@Cu-PDA with the ability 
for MR imaging. Furthermore, upon accumulation at 
the acidic tumor microenvironment or internalization 
by tumor cells, the cytotoxic CuII could be released 
from PDA shells and acted as the chemotherapeutic 
agent to kill cancer cells. Assisted by NIR laser 
irradiation, the AuNR@Cu-PDA could induce 
efficient PTT due to the high photothermal efficiency 
of AuNR enhanced by the PDA shell. After 
intravenous injection of AuNR@Cu-PDA into tumor 
bearing mice, tumors could be completely ablated 
without recurrence through CT and MR 
imaging-guided PTT and chemotherapy. 

 

 
Figure 5. (A) Schematic illustration of the assembly of DOX–PDA–gossypol 
nanoparticles. Adapted with permission [81]. Copyright 2018 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. (B) Schematic illustration of the preparation of 
aggressive man-made RBCs for cancer therapy. Adapted with permission [82]. 
Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

PDA particles with unique nanostructures 
PDA particles with different nanostructures 

have also been engineered. Wu and co-workers 
reported lollipop-like PDA nanoparticles (50-70 nm) 
loaded with two anti-cancer drugs, which showed 
pH-responsiveness and ultra-long circulation in vivo 
[81]. In the reported system, PDA acted as a 
cross-linker between the hydrophilic DOX 
(hydrochloride) and the hydrophobic gossypol via 
π-π stacking and hydrogen bonds. Dense lollipop-like 
PDA nanoparticles loaded with dual drugs showed 
high stability in physiological environments (Figure 
5A). At acidic pH, the amine groups on PDA and the 
DOX were protonated, which partially broke the π-π 
stacking between PDA and the drugs, resulting in the 
pH-triggered drug release [81]. Therefore, the low pH 

in the acidic intracellular compartments (e.g., 
endosome and lysosome) could trigger the release of 
both drugs from lollipop-like PDA nanoparticles, 
which enabled the inhibition of tumor by these two 
drugs synergistically. In addition, the lollipop-like 
PDA nanoparticles showed ultra-long blood 
circulation time (>8 days) resulting in 12% tumor 
accumulation on the 8th day post injection via 
enhanced permeability and retention (EPR) effect. 
These advantages allowed the lollipop-like PDA 
nanoparticles to be an excellent candidate for tumor 
synergistic therapy with low administration dosages. 
To overcome the biological barriers and achieve 
improved therapeutic efficiency, PDA nanoparticles 
could be functionalized by endogenously derived 
substances, such as the components of red blood cells 
(RBCs). For example, PDA could interact with 
hemoglobin (Hb), the oxygen-carrying protein in 
RBCs, to form Hb-PDA complexes [82]. PDA in the 
complexes not only protected Hb from oxidation 
during circulation in vivo, taking the advantage of 
their antioxidant activity, but also serve as mounting 
sites for the loading of aromatic compounds (e.g., 
photodynamic agents) via π-π stacking. Further 
coating of RBC membranes on the photodynamic 
agent-loaded Hb-PDA complexes resulted in the 
artificial RBCs with capabilities for PDT (Figure 5B). 
The artificial RBCs could retain the properties and 
functions of natural RBCs, including the 
biocompatibility, low immune responses, as well as 
the ability and efficiency of oxygen carrying and 
releasing. Upon the light irradiation, photodynamic 
agents loaded in the artificial RBCs could generate 
ROS to damage tumor cells at tumor site for PDT. 
Meanwhile, Hb in the artificial RBCs supplied oxygen 
effectively to boost the generation of ROS for 
enhanced PDT. The in situ supply of Hb-carried 
oxygen was essential for PDT efficacy, where hypoxia 
exists at tumor sites. The reported system could 
efficiently eliminate 4T1 tumor, and was expected as 
an oxygen-self-supplied platform for other 
hypoxia-limited therapeutic applications. 

PDA-based particles derived from naturally 
occurring monomers maintain high biosafety and 
biocompatibility. The application of PDA-based 
particles did not cause significant immune responses 
or obvious damage to normal tissues or major organs 
in vivo [32, 39, 44, 75, 81]. Therefore, a series of PDA 
particles have been reported for diverse diagnostic or 
therapeutic applications. However, the disadvantages 
of PDA particles should not be ignored. For example, 
PDA films cross-linked by degradable intermolecular 
linkers can be disassembled under certain stimuli 
conditions, however, the PDA itself cannot be fully 
degraded into small molecules at physiological 
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condition due to the covalent formation of 
non-degradable carbon-carbon bonds during the 
self-polymerization of dopamine [67, 83, 84]. 
Therefore, the long-term or high-dosage 
administration of PDA therapeutic agents may 
increase the burden of liver and kidney to eliminate 
fragments of PDA particles [67, 85-87]. Hence, 
introducing degradable intramolecular linkers into 
the system is desirable for improving the properties of 
the PDA particles [34, 84]. The balance between 
stability and biodegradability of the PDA particles 
should be well tuned to obtain the optimized system 
for subsequent biomedical applications. Due to the 
existence of aromatic rings and catechol groups in the 
PDA particles, PDA particles can easily interact with 
biomolecules in the biological environment via a 
series of covalent and non-covalent interactions [34, 
83, 84]. These unexpected interactions could increase 
nonspecific interactions with normal tissues, causing 
serious side effects and changing the in vivo fate of 
PDA particles. Therefore, it is essential to take these 
interactions into consideration at the early stage of 
material designing. Effective surface modification can 
provide the PDA particles with capability to reduce 
the non-specific interactions [34, 38, 44, 72, 77, 88]. 
Although in vitro and ex vivo analysis of the 
interactions between PDA particles and biomolecules 
or cells play important roles in bio-nano interactions, 
it may not completely predict the in vivo results for 
effective therapeutic delivery. 

MPN-Based Particles  
MPN hollow capsules 

As the development of material science and 
nanotechnology, inorganic-organic hybrid structures 
generated based on metal-organic coordination 
became a big family of materials under extensive 
investigations for biomedical applications. 
MPN-based materials on the basis of metal-phenolic 
coordination are an important type of materials with 
promising potential for a wide range of applications. 
By using the simple, cheap and scalable assembly 
process of MPN reported by the Caruso group, 
MPN-based core-shell particles and hollow capsules 
have been engineered as vehicles for diverse 
biomedical applications [8, 47, 52, 89]. Generally, 
MPN hollow capsules are assembled by depositing 
MPN films on a sacrificial template, followed by the 
removal of the templates [8, 12]. The most advantages 
of the MPN system lies in its biodegradability at low 
pH. Ubiquitous natural polyphenol, tannic acid (TA), 
can coordinate with various metal ions, including 
aluminium (AlIII), CuII, MnII, FeIII, vanadium (VIII), 
europium (EuIII) and GdIII, to generate robust MPN 

films and to form a library of functional capsules 
(Figure 6A and 6B) [12]. The properties and functions 
of MPN capsules could be customized by selecting 
different metal ions for theranostic applications, 
including drug delivery, MR imaging, luminescence 
imaging, and positron emission tomography (PET) 
[12]. Furthermore, mixed metal ions can be 
incorporated into a single MPN capsule, which 
provides the capsules with tunable degradation 
profiles via varying the ratio of the metal ion mixtures 
[12]. In addition to TA, many other natural plant 
polyphenols or flavonoids, including epigallocatechin 
(EGC), epigallocatechin gallate (EGCG), myricetin, 
quercetin, fisetin, and luteolin have also been reported 
as building blocks for the MPN formation (Figure 6C) 
[8, 15]. Simple phenolic ligands, the monomeric 
building blocks of natural polyphenols, such as gallic 
acid (GA), pyrogallol (PG) and pyrocatechol (PC), can 
also be used for the fabrication of MPN hollow 
capsules (Figure 6D) [13]. Moreover, the library of 
phenolic compounds for MPN assembly could be 
further expanded to polyphenol-functionalized 
polymers, such as catechol-functionalized PEG 
(PEG-catechol), galloyl-functionalized PEG (PEG- 
galloyl), catechol-functionalized HA (HA-catechol), 
and catechol-functionalized chitosan (Chitosan- 
catechol) [14, 51]. These synthetic polymers provide 
the assembled hollow capsules with extra functions, 
such as active targeting to CD44-expressing breast 
cancer cells [14, 51]. 

One of the mostly used templates for MPN 
capsule assembly is calcium carbonate (CaCO3) 
particles due to its easy synthesis process and the mild 
condition for template removal [14, 46, 51]. For 
example, FeIII-TA capsules were prepared using 
CaCO3 particles as templates and could convert 
hydrogen peroxide (H2O2) into oxygen (O2) molecules 
in physiological conditions [46]. The resulted gas 
nucleation of O2 formed microbubbles, which 
changed the acoustic impedance with nonlinear 
oscillations created. These changes in acoustic 
impedance could be detected by ultrasound imaging 
in real time both ex vivo and in vivo. The cumulative 
production of O2 linearly correlated to the 
concentration of H2O2 over a wide range. Therefore, 
FeIII-TA capsules could be used for the rapid detection 
of endogenous H2O2 levels, which demonstrated the 
potential of MPN capsules for diagnostic applications 
via advanced ultrasound imaging. The pH-responsive 
MPN hollow capsules have also been reported as a 
carrier for anticancer drug delivery. Due to large 
surface area of the mesoporous CaCO3 particles, large 
amount of anticancer drugs (e.g., DOX) could be 
loaded into the porous interior of the particles based 
on electrostatic interactions via simply mixing the 
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drug with the templates in the aqueous solution [47]. 
Drug-loaded MPN capsules could be obtained after 
AlIII-TA coating on the CaCO3 particles and 
subsequent dissolution of the templates by using 
ethylenediamine tetraacetic acid (EDTA) solution 
(Figure 7) [47]. The DOX release kinetics were 
associated with the disassembly kinetics of the MPN 
capsules, which was pH dependent. Although the 
permeability of the AlIII-TA capsule shells would 
allow the partial diffusion of free DOX, more than 
70% of the loaded DOX were remained within the 
stable capsules at extracellular pH. Under acidic 
microenvironments (e.g., endosomes or lysosomes), 
the AlIII-TA capsules disassembled and released the 
encapsulated drugs. This would favor the 
intracellular delivery of anticancer drugs and enhance 
the drug delivery efficacy. Except for anticancer 
drugs, photosensitizer (e.g., hematoporphyrin 
monomethyl ether, HMME) could also be 
incorporated into the CaCO3 template via 
co-precipitation during the synthesis of templates for 
the assembly of folic acid-functionalized MPN 

capsules composed of FeIII and PEG-catechol [52]. The 
resulted HMME-encapsulated MPN capsules could 
targeted to cancer cells with high folate receptor 
expression while maintained resistance to normal 
tissue cells. Upon internalization into cancer cells, the 
capsules disassembled and released the encapsulated 
HMME. Assisted by laser irradiation at specific sites, 
HMME would generate ROS both in lysosomes and 
cytoplasm of cells to induce cell apoptosis. This 
targeted delivery strategy increased the specific 
interaction with cancer cells, and enhanced the PDT 
efficacy of HMME while reducing side effects caused 
by the nonspecificity of HMME. 

It has been widely accepted that the sizes of 
nanocarriers below 200 nm are suitable for 
accumulation at tumor sites via EPR effect [90]. 
Although MPN capsules have been assembled using 
CaCO3 particles as templates for drug delivery, their 
sizes are typically in micrometer range, which is not 
ideal for the delivery in vivo. Therefore, to obtain 
MPN capsules smaller than 200 nm for in vivo drug 
delivery, the development of alternative sacrificial 

 
Figure 6. (A) Schematic illustration of the assembly of MPN capsules; (B) Differential interference contrast microscopy (DIC) images of MPN capsules prepared from TA and 
different metal ions. Insets are photographs of MPN capsule suspensions. Scale bars are 5 μm. (A,B) are adapted with permission [12]. Copyright 2014 Wiley-VCH Verlag GmbH 
& Co. KGaA, Weinheim. (C) Molecular structures of some flavonoids: myricetin from green tea, quercetin from onion, fisetin from strawberry, and luteolin from celery. Adapted 
with permission [15]. Copyright the Royal Society of Chemistry 2017. (D) Structures of GA, PG, PC and DIC images of MPN capsules prepared from related phenols and FeIII. 
Adapted with permission [13]. Copyright 2015 American Chemical Society. 
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templates is required. Recently, metal-organic 
frameworks (MOFs) have been widely used for cargo 
delivery due to their large pore volumes and multiple 
architectures [91]. Both the size and shape of MOF 
particles could be finely controlled via tuning the type 
and amount of metal ions and ligands. Besides, a wide 
range of compounds, including proteins, peptides, 
nucleic acids, carbohydrates and synthetic polymers, 
could be loaded into MOF particles through 
co-precipitation during the preparation of MOF 
particles [91]. In addition, MOF particles could be 
degraded under mild conditions, such as acidic or 
EDTA solutions. Therefore, MOF particles are 
excellent candidates for the assembly of MPN 
capsules with the sizes smaller than 200 nm. Sun and 
co-workers reported the fabrication of DOX-loaded 
FeIII-EGCG capsules by using zeolitic imidazolate 
framework-8 (ZIF-8) particles as templates [92]. DOX 
was first encapsulated into ZIF-8 particles through 
co-precipitation and FeIII-EGCG films were then 
deposited onto the templates. DOX-loaded 
FeIII-EGCG capsules were obtained after the removal 
of ZIF-8 templates by using EDTA solution. The 
obtained FeIII-EGCG capsules showed high potential 
in ROS scavenging and could be disassembled due to 
the oxidation of EGCG after ROS elimination, leading 
to the release of the encapsulated DOX (Figure 8). The 
high level of endogenous ROS in tumor cells 
accelerated the degradation of ROS-responsive 
FeIII-EGCG capsules and enhanced the intracellular 
release of DOX in tumor cells [92]. The DOX-loaded 
FeIII-EGCG capsules showed improved tumor 
inhibition, compared to free DOX, while acute toxicity 
to normal tissues or organs was negligible. MPN 
hollow capsules could also be synthesized by etching 
MOF particles with natural polyphenol (e.g., TA or 
ellagic acid, EA) solutions under weak basic condition 
[93]. By using different types of MOF particles, the 

size, morphology, roughness and composition of the 
MPN capsules could be tuned. The high stability and 
slow release of encapsulated cargos (~11%) under the 
physiological condition (pH 7.4), as well as the 
disassembled feature of the hollow capsules under 
weak acidic conditions (e.g., at intracellular 
endosomal pH) enabled their potential for anticancer 
drug delivery. Besides, by using FeIII/II, MnII, or cobalt 
ion (CoII)/MnII-based MOF particles for the capsule 
assembly, these metal ions could be coordinated into 
the MPN capsules and exploited as contrast agents for 
MR imaging. Therefore, MPN capsules assembled 
through the etching of MOF particles have the 
potential for theranostic applications. 

 

 
Figure 8. (A) Illustration of the coordination of FeIII by EGCG followed by ROS (e.g., 
H2O2) scavenging, FeIII reduction and the formation of benzoquinone species. (B) In 
vitro cumulative release of DOX from DOX-loaded FeIII-EGCG capsules at pH 7.4 
with varying H2O2 concentrations (0–1 mM). Adapted with permission [92]. 
Copyright the Royal Society of Chemistry 2018. 

 

MPN core-shell particles 
In addition to using synthetic particles as 

templates, cells were coated with MPN films, 
resulting in the cell-in-shell structures. The Choi 
group reported the coating of TA-Fe films on 
individual RBCs [54]. The formation of MPN shells on 
RBCs would not destroy the oxygen-carrying 
capability of RBCs or cause any aggregation/ 
hemolysis. However, a reasonably thick MPN shell 
formed on the RBC could shield the epitopes on cell 

 
Figure 7. Schematic representation of the fabrication of DOX-loaded MPN capsules 
and release mechanism of DOX from MPN capsules. Adapted with permission [47]. 
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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membranes. Since the epitopes on RBC membranes 
are one of the key factors provoking serious immune 
responses during transfusion, the formation of MPN 
shells on RBCs could reduce the immune responses 
caused by membrane epitopes. Therefore, this 
strategy provided a simple and fast method for the 
development of universal blood which could 
overcome the agglutination and hemolysis caused by 
cross-type transfusion. Moreover, this cell surface 
modification method could be extended to other 
cell-in-shell structures for a range of biomedical 
applications, such as cell therapy or gene therapy for 
cancer treatment. 

Besides hollow capsules, MPN-based core-shell 
particles also showed high potential for 
imaging-guided cancer treatment. Zein-quaternized 
chitosan nanoparticles have been used as a promising 
drug delivery system due to their high 
biocompatibility, biodegradability and responsive-
ness to diverse physiological variations [94, 95]. The 
formation of a MPN film layer onto the surface of 
these nanoparticles could further enhance the drug 
encapsulation efficiency of the nanoparticles and 
provide a protective layer for the drug-doped 
nanoparticles [95]. By adjusting the type and amount 
of metals in the MPN layer on the nanoparticles, the 
pH-responsive degradability of the MPN films were 
tunable, resulting in the controllable releasing profile 
of anti-cancer drugs (e.g., DOX). Therefore, the 
MPN-coated nanoparticles showed potential in 
intracellular delivery and controlled release of 
anti-cancer drugs. Moreover, the formation of 
EuIII-TA film provided the nanoparticles with 
fluorescence properties for biomedical imaging 
applications. Similarly, EuIII-TA could be deposited on 
BaGdF5 nanoparticles to enhance the biocompatibility 
and reduce the cytotoxicity of bare BaGdF5 
nanoparticles used as contrast agents for X-ray 
computed tomography (CT), while providing the 
particles with luminescence properties [89]. Except for 
EuIII, GdIII ions have also been used for the formation 
of MPN films on the surfaces of nanoparticles for MR 
imaging. Zhang and co-workers reported the MPN 
coated-mesoporous silica nanoparticle system loaded 
with AuNRs and DOX for diagnosis and treatment of 
metastatic tumors (Figure 9) [48]. Due to the 
degradability of GdIII-TA films at acidic pH, the 
release of the loaded DOX in the mesoporous silica 
particles could be triggered by the acidic tumor 
microenvironment [48]. The released DOX together 
with AuNRs, under NIR irradiation, synergistically 
enhanced cytotoxicity to tumor cells (Figure 9B). On 
the other hand, the presence of TA down-regulated 
the overexpression levels of matrix 
metalloproteinases (MMPs, such as MMP-2 and 

MMP-9), which played important roles in tumor 
invasion and vascularization. Therefore, the MPN 
coated-nanoparticles could effectively inhibit the 
progression, migration and angiogenesis of metastatic 
tumors. Since the disassembly of MPN films released 
free GdIII ions, whose longitudinal relaxivity was 
increased compared to the coordinated form, it 
resulted in the enhanced MR imaging ability at tumor 
sites (Figure 9C). The reported particles could also be 
used as a contrast agent for CT and enabled the 
photothermal imaging to evaluate the photothermal 
efficiency (Figure 9D). Therefore, this system 
provided a promising theranostic platform for both 
the primary and metastasis tumor-guided therapy.  

 

 
Figure 9. (A) Schematic illustration of the assembly of GdIII-TA coated mesoporous 
silica nanoparticles loaded with DOX and gold nanoparticles. (B) Relative tumor 
volume of different groups after treatment with different materials. (C) In vivo CT 
imaging before (c1) and after (c2) the injection of the GdIII-TA coated nanoparticles. 
(D) In vivo photothermal imaging after subcutaneous injection of the nanoparticles at 
0, 15, 30, 60, and 180 s intervals at the tumor site (d1) or at the normal tissue (d2). 
Adapted with permission [48]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 

 

Self-assembled MPN nanoparticles 
Polyphenols and their derivatives have also been 

fabricated into self-assembled nanoparticles in the 
presence of metal ions via metal-phenolic 
coordination. For instance, PEG-polyphenol and 
platinum (Pt)-polyphenol were assembled into 
nanoparticles (PtP NPs) by using FeIII ions as 
stabilizers via emulsification assisted metal-phenolic 
coordination (Figure 10) [53]. Fluorescence imaging 
agents (e.g., Ce6) were loaded into the PtP NPs 
simultaneously for imaging. The incorporation of 
PEG engaged the nanoparticles with low-fouling 
properties and therefore enabled the long circulation 
time of the nanoparticles. These PtP NPs, upon the 
accumulation at tumor sites and internalized into the 
tumor cells, showed promising tumor cell inhibition 
with no significant side effects (Figure 10). Except for 
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cancer therapy, Caruso and co-workers anticipated 
other diagnostic/imaging applications of the tailored 
PtP NP system by replacing FeIII in the above system 
with other metal ions, such as MnII and GdIII for MR 
imaging, ytterbium (YbIII) and gold (AuIII) for CT. 
Based on this strategy, many other self-assembled 
MPN nanoparticles have also been reported. DOX 
could be loaded into the PtP NP system during the 
self-assembly process, resulting in the DOX-loaded Pt 
prodrug FeIII nanoparticles (DPPF NPs) [50]. Different 
components in the DPPF NPs, including DOX, Pt, 
polyphenols and FeIII, synergistically induced the 
generation of ROS, which could activate a cascade of 
bio-reactions, resulting in the damage of cell 
membrane and DNA. Upon labeling with 
zirconium-89 (89Zr), the DPPF NPs could be detected 
by PET in vivo, and showed long blood circulation 
with high tumor accumulation. The 89Zr-labelled 
DPPF NPs exhibited high performances in 
imaging-guided tumor inhibition with reduced side 
effects caused by anticancer drugs. In addition to 
DOX, a phagocytic enzyme myeloperoxidase (MPO) 
was also loaded in the PtP NPs [49]. The resulted 
MPO-loaded MPN nanoparticles (MPP NPs) 
protected the MPO from degradation during 
circulation in blood and released the MPO and 
cisplatin in the intracellular microenvironment upon 
degradation. The released MPO, which could catalyze 
the conversion of H2O2 to HOCl, assisted cisplatin to 
activate the ROS cascade bioreactions and enhanced 

the chemotherapy efficiency. By using PET imaging, 
the long circulation and high tumor accumulation of 
89Zr-labelled MPP NPs were traced. This strategy 
showed high potential in controlling the highly toxic 
HOCl for efficient cancer therapy. Similarly, 
ratiometric PA imaging probes could be incorporated 
into the self-assembled Pt prodrug nanoparticles to 
control the production of ROS and monitor in vivo 
ROS levels [96]. The rod-like nanoparticles were 
generated by the self-assembly of semiconducting 
perylene diimide (PDI)-based cisplatin prodrug 
functionalized with a galloyl group, chelated FeIII, and 
a ROS activatable IR dye (IR790s). Both the cisplatin 
and FeIII synergistically achieved the combination 
cancer therapy by catalyzing the production of ROS. 
While the ROS generation in vivo was accurately 
visualized through ratiometric PA imaging measured 
at two IR excitation wavelengths: 680 nm for PDI and 
790 nm for IR790s. These nanoparticles showed high 
potential for real-time imaging-guided cancer 
chemotherapy. In addition, other imaging agents, 
including GdIII for MR imaging, PDI for PA imaging, 
and 64Cu for PET imaging, could be incorporated into 
the self-assembled Pt prodrug nanoparticles (GPDPA 
NPs) for multimodal imaging-guided cancer therapy 
(Figure 11) [97]. The design of pH-sensitive polymers 
as building blocks provided the GPDPA NPs with 
responsiveness to acidic tumor microenvironment 
while reducing drug leakage in the physiological 
environment. 

 

 
Figure 10. (A) Schematic representation of the PtP NP self-assembly process. (B) Tumor volume of luciferase-expressing PC3 cells treated with different groups at the same Pt 
dose. (C) In vivo luminescence images of mice bearing luciferase PC3 cell xenograft tumors post 10 d treatment with different groups. Adapted with permission [53]. Copyright 
2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 11. Schematic illustration of the formulation and cancer theranostics mechanism of the nanoparticles. (A) The self-assembly process of GPDPA NPs with mild acidic 
pH/NIR light-sensitive properties. (B) The molecular structures of building blocks used for GPDPA NP assembly. (C) The multimodal imaging-guided chemo-photothermal 
combination therapy of GPDPA NPs with NIR irradiation. Adapted with permission [97]. Copyright The Royal Society of Chemistry 2019. 

 
Besides, due to strong NIR absorption of PDI, the 

GPDPA NPs also exhibited high photothermal 
conversion efficiency, which favored the combined 
chemo-photothermal cancer therapy. The 
administration of GPDPA NPs into mouse models 
effectively achieved tumor inhibition through 
synergistic effect of chemotherapy and PTT under 
NIR laser irradiation, which could be monitored via 
PA/MR/PET multimodal imaging.  

Self-assembled MPN nanoparticles could be 
easily prepared by mixing the FeIII and TA solutions 
[98]. FeIII-TA nanoparticles with the size of a few 
nanometers in diameter induced autophagic cell 
death by initiating the formation of autophagosomes. 
Due to the higher uptake level of FeIII-TA 
nanoparticles by hepatocellular carcinoma cells 
compared to normal hepatocytes, FeIII-TA 
nanoparticles showed the capability in inducing 
carcinoma cell death by triggering the autophagy 
process and enhancing the MR imaging contrast of 
carcinoma cells, which indicated their potential 
application for diagnosis and treatment of 
hepatocellular carcinoma. MPN nanoparticles 
generated from natural polyphenols and FeIII could be 
incorporated with boronic acid-containing 
therapeutic agents, such as the anti-tumor drug Btz, 
through the formation of boronate ester bonds [99]. 
The Btz-loaded MPN nanoparticles demonstrated 

efficient delivery and controlled release of Btz at 
tumor sites, while FeIII in the nanoparticles enabled 
the detection of nanoparticles via MR imaging for MR 
imaging-guided chemotherapy. Synthetic 
amphiphilic block copolymers with catechol groups 
could also be utilized for the self-assembly of MPN 
nanoparticles in the presence of FeIII [100]. The 
spherical and cylindrical shapes of the resulted MPN 
nanoparticles could be tuned by changing the volume 
fraction of the hydrophobic domain in the block 
copolymers. MPN nanoparticles with both shapes 
could be used as T1-weighted MR imaging contrast 
agents. However, the biological behaviors of MPN 
nanoparticles were proved to be shape-dependent 
when interacting with HeLa cells. Compared to the 
spherical MPN nanoparticles, cylindrical ones 
showed higher cell uptake and better resolution as the 
MR imaging contrast.  

Taking advantages of the intrinsic properties of 
natural polyphenols, including the antibacterial and 
antioxidant properties, MPN-based particles have 
shown high potential for a range of biomedical 
applications, including drug delivery, antibacterial 
application, as well as diagnosis and therapy of 
cancer. The minimal toxicity to normal organs of 
animal models enabled them to be engaged in further 
studies for practical applications [48-50, 92]. Although 
a wide range of MPN-based particles have been 
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engineered, more efforts are still essential in the 
development of MPN carriers for efficient theranostic 
applications. One important point is to design 
MPN-based particles by using functional polyphenols 
with anticancer activities, such as EGCG, resveratrol 
and curcumin [101-107]. Many natural plant 
polyphenols with therapeutic capabilities, such as 
curcumin, have poor solubility in aqueous solutions 
and will undergo rapid hydrolytic degradation at 
physiological conditions, resulting in low bio-activity 
when used in physiological solutions [108-110]. 
Assembly of these plant polyphenols into 
polyphenol-based particles would allow efficient 
delivery and controlled release of these plant 
polyphenols in the body, therefore, resulting in the 
improvement of their bioavailability and the 
enhancement of their therapeutic activities [110]. In 
addition, it has been reported that the coordination 
between polyphenols and transition metal ions would 
induce the oxidation of polyphenols and provide the 
polyphenols with pro-oxidant effect, resulting in 
mitochondrial dysfunction, DNA damage, and cell 
apoptosis [102, 103, 106, 107]. The transition metal 
ions, such as FeIII and CuII, could also induce cell 
apoptosis by raising the level of toxic ROS via Fenton 
reaction and causing DNA damage [42, 50, 80, 106]. 
Therefore, the two major components of polyphenol 
and metal ions in the MPN-based particle systems 
could act as chemotherapeutic agents and work 
synergistically for tumor ablation. 

Polymer-phenol particles 
Boronate bond-stabilized particles 

As a family of compounds with high affinity to a 
wide range of materials, polyphenols and their 
derivatives are easy to be exploited for the assembly 
of particles upon the interaction with a series of 
synthetic or biological polymers. These 
polymer-phenol particles constructed through 
covalent and non-covalent interactions have been 
studied for different biomedical applications. 
Polyphenols can form boronate bonds between 
boronic acids and catechol groups to fabricate 
particles [17, 111, 112]. Since the boronate bonds are 
responsive to both pH and cis-diols, particles 
assembled based on the boronate cross-linking 
strategy are dual responsive and can disassemble 
with either acidic pH or exogenous competing diols 
[17, 111]. For example, boronic acids and catechol 
groups were conjugated on PEG-dendritic cholic acid 
(CA) block copolymers (telodendrimers) by using a 
hydrophilic linker, resulting in the boronic 
acid-/catechol-functionalized telodendrimers, 
respectively [111]. Interactions between the two types 
of telodendrimers at neutral pH (pH 7.2) resulted in 

the formation of micelles cross-linked by boronate 
bonds (BCMs), with dual-responsiveness (Figure 12). 
Hydrophobic drugs (e.g., paclitaxel, PTX) were 
encapsulated into the core of the BCMs during the 
self-assembly process with high loading efficiency (> 
98%). The release of PTX from PTX-loaded BCMs, as a 
result of the disassembly of BCMs, was dependent on 
the pH and the concentration of competing diols (e.g., 
mannitol) in the release medium (Figure 12). 
Therefore, the reported BCMs could be used for the 
two-stage release strategy, where premature drug 
could be minimized during blood circulation at 
physiological pH while rapid drug release could be 
triggered by the acidic tumor microenvironment and 
further triggered by the intravenous administration of 
mannitol. The Caruso group reported another type of 
boronate bond-stabilized particles, the boronate- 
phenolic network (BPN) capsules, which were 
fabricated using CaCO3 particles as templates, with 
TA and benzene-1,4-diboronic acid (BDBA) as the 
building blocks [17]. The model anticancer drug DOX 
could be pre-loaded into the templates, resulting in 
the DOX-loaded BPN capsules upon template 
removal. BPN capsules showed good stability in 
physiological conditions even in the presence of 
competing carbohydrates (e.g., glucose) in the blood. 
However, BPN capsules could be disassembled in the 
acidic microenvironment or with the addition of 
mannitol, which could be administrated 
intravenously on demand to trigger the burst release 
of the encapsulated anti-cancer drugs. Due to their 
responsiveness to cis-diols, these BPN capsules could 
also be used for closed-loop insulin delivery and 
biological targeting to furanoside carbohydrates, or be 
used as biomimics responsive to different 
environmental changes. In addition, EGCG has been 
used to interact with phyenylboronic acid (PBA) 
moieties conjugated on the poly(ethylene 
glycol)-block-poly(L-lysine) (PEG-b-PLys), leading to 
the formation of polyion complex (PIC) micelles 
cross-linked with boronate bonds [113]. Meanwhile, 
DOX could be encapsulated into the core of PIC 
micelles via π-π stacking interactions with EGCG. The 
DOX-loaded PIC micelles showed high stability in 
physiological environment and released DOX and 
EGCG after cell internalization. The released EGCG 
interacted with the P-glycoprotein (P-gp) and inhibit 
its activity as a transporter to pump DOX out of the 
cells. Therefore, DOX could accumulate in drug 
resistant cancer cells in the presence of EGCG. The 
conversion of DOX to its derivative would induce the 
generation of ROS, which could cause cardiomyocytes 
damage in the heart. Due to the ROS scavenging 
ability of EGCG, the DOX-induced cardiotoxicity of 
PIC micelles was efficiently inhibited.  
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Figure 12. (A) Schematic representation of the assembly of BCMs in response to mannitol and/or acidic pH. (B) Continuous dynamic light scattering measurements of the 
non-cross-linked micelles (NCMs) and BCMs in SDS with the addition of mannitol or adjusting the pH to 5.0 at 120 min (shown by the arrow). (C) PTX release profiles of BCMs 
and NCMs in response to diols (mannitol and glucose) and/or pH 5.0. Adapted with permission [111]. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
Via introducing targeting molecules, the 

boronate bond-stabilized systems can be further 
optimized for targeted drug delivery. HA, a natural 
carbohydrate which can be recognized specifically by 
CD44 on cell membranes, has been incorporated into 
polyphenol-based particles or capsules, providing 
these structures with active targeting ability [14, 51]. 
Tirelli and co-workers designed the nanoparticles 
fabricated with TA and boronic acid-modified HA via 
the formation of boronate bonds for antibacterial 
applications [112]. Boronic acid-modified HA, upon 
the interaction between boronic acid and catechol or 
galloyl groups at neutral/basic pH, formed HA-TA 
nanoparticles. The resulted HA-TA nanoparticles 
were stable at physiological pH and could be 
disassembled in acidic microenvironment (e.g., 
endosomes), resulting in the release of TA to exhibit 
antibacterial activities. The reported particles not only 
worked as the specific carrier for targeted TA 
delivery, but also protected the catechols or galloyls of 
TA from being oxidized before reaching the desired 
sites. Hence, the boronate bond-stabilized HA-TA 
nanoparticles were anticipated to be applied for the 
treatment of diseases caused by intracellular 
pathogens.  

Polymer-phenol multilayer capsules 
Due to the existence of a high portion of benzene 

rings and hydroxyl groups, polyphenols are easy to 
be engaged into a series of non-covalent interactions, 
including hydrogen bonding, electrostatic 
interactions, and hydrophobic interactions. Therefore, 
polyphenols are good candidates of building blocks 
for the fabrication of hollow capsules via 
layer-by-layer (LbL) assembly technique [22, 57, 114, 
115]. For instance, EGCG and the proline-rich protein 
of type A gelatin have been used for the assembly of 
LbL capsules using MnCO3 particles as templates [22]. 
The EGCG maintained its antioxidant property upon 
the formation of gelatin-EGCG shells, which were 
stabilized mainly by hydrophobic interactions 
between EGCG and gelatin. Drug-encapsulated 
capsules could be prepared by using drug-loaded 
particles or drug crystals as templates. Moreover, the 
permeability of gelatin-EGCG capsules were 
dependent on molecular weight, which enabled the 
controlled release of encapsulated cargoes. Lvov and 
co-workers reported the gelatin-EGCG capsules could 
be a representative of new formulations containing 
polyphenols for drug delivery and/or antioxidant 
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applications. Bovine serum albumin (BSA) and TA 
could also be used to form drug-loaded LbL capsules 
by using drug-loaded CaCO3 particles or drug-doped 
emulsion droplets as templates [57]. BSA-TA capsules 
were degraded selectively by the enzyme 
α-chymotrypsin while resistant to trypsin, which 
would be suitable for intravenous drug delivery and 
achieve enzyme-triggered release of the delivered 
cargoes. In addition, BSA-TA capsules also showed 
great potential for the oral delivery of bioactive 
compounds, such as lactoferrin [58]. By protecting the 
encapsulated cargoes against gastric digesting, 
BSA-TA capsules could significantly enhance the 
absorption of bioactive cargoes in small intestine. The 
BSA-TA formulation was then further optimized by 
incorporation of gastro-adhesive proteins or other 
specific targeting moieties onto the BSA-TA shells for 
the site-specific accumulation and cargo release [59]. 
Furthermore, the building blocks of LbL capsules 
could be extended to a wide range of natural 
polyphenols and proteins, such as blood serum 
proteins from individual patient, resulting in the 
customized drug carriers for the patient and avoiding 
the harmful side effects (e.g., acute immune responses 
and thrombosis) [57]. 

Except for natural proteins, synthetic polymers, 
including PVPON, poly(dimethyldiallylamide) 
(PDDA), poly(allylamine) (PAH), and poly(N- 
vinylcaprolactam) (PVCL), together with polyphenols 
have been used for the fabrication of LbL capsules 
[114-117]. Polycation-TA LbL capsules showed 
pH-dependent permeability and could be further 
tuned by using different types of polycations, which 
has the potential for the post-loading and controlled 
release of cargoes [115]. Ionic strength could also 
influence the permeability of PVPON-TA capsules 
[114]. A higher salt concentration induces TA 
ionization and mutual repulsion between the 
neighbor layers of TA, which reduces the thickness of 
LbL shells and hence results in higher permeability of 
the PVPON-TA shells. By using DOX-loaded 
mesoporous silica particles as templates, DOX were 
encapsulated in the PVPON-TA capsules after 
template removal. The capsules showed negligible 
release of DOX at physiological pH and could be 
degraded by enzymes in cytoplasm resulting in the 
release of DOX. In addition, TA maintained its 
antioxidant properties in polyelectrolyte-TA capsules 
(e.g., PVPON-TA and PVCL-TA LbL capsules), which 
could scavenge free radicals for immunomodulation 
[117]. The TA-based capsules were potentially used as 
mediators of T-cell immunity for the protection of 
physical transplant. Living pancreatic islets could also 
be encapsulated in the PVPON-TA and PVCL-TA 
capsules to decrease the risk of xenograft and allograft 

rejection [117, 118]. Furthermore, TA-incorporated 
capsules could be formed by capping a TA layer on 
the polymersomes derived from PVCL-PVPON 
diblock copolymers for imaging-guided chemother-
apy [116]. DOX and fluorescently labelled dextran 
were encapsulated into the TA-capped polymersomes 
by mixing the cargoes with the diblock copolymers in 
solution. The TA coatings acted as the stabilizer of the 
polymersome and prevented cargo leakage. The 
encapsulated DOX was used as anticancer therapeutic 
agent and the fluorescently labelled dextran was for 
fluorescence imaging to track the transportation and 
accumulation of the TA-capped polymersomes. The 
cargos were released via the degradation of the 
capping layer of TA in the intracellular 
microenvironment, which demonstrated their 
potential as drug carriers for tumor chemotherapy. 

Self-assembled nanoparticles 
As mentioned above, polyphenols can interact 

with biomolecules, such as proteins, carbohydrates, 
and nucleic acids, based on non-covalent interactions 
(e.g., hydrogen bonding, hydrophobic and 
electrostatic interactions) [18, 25, 55, 119, 120], which 
also provides the possibility for the self-assembly of 
biomacromolecule-phenol nanoparticles. 
Protein-phenol nanoparticles were assembled by 
mixing the solutions of TA and green fluorescent 
protein (GFP) and the nanoparticle size was tunable 
via adjusting the relative stoichiometric ratios of TA 
and GFP (Figure 13) [55]. Based on fluorescence 
imaging, GFP-TA nanoparticles could exhibit long 
blood circulation time and permeation capability from 
blood vessels to tissues (Figure 13B). Due to the high 
affinity of TA to proline-rich proteins (e.g., elastin and 
type I collagen abundant in the cardiac extracellular 
matrix), GFP-TA nanoparticles showed robust 
retention in the cardiac extracellular matrix and could 
be internalized efficiently by myocardial cells, 
resulting in the specific heart targeting (Figure 13A 
and 13C). Other therapeutic proteins or peptides (e.g., 
substance P, SP) or viruses with gene delivery 
functionalities (e.g., adeno-associated virus 9, AAV9) 
could also interact with TA, forming the peptide-TA 
or virus-TA nanoparticles, respectively, by using the 
reported simple mixing approach. These protein-TA, 
peptide-TA and virus-TA particles with high 
cardiosafety were anticipated to be applied for the 
treatment of heart disease or heart damage via 
chemotherapy or gene therapy. Due to the high 
affinity of polyphenols to metal-based materials, 
imaging agents (e.g., AuNRs for CT, 64Cu for PET, and 
FeIII or Fe3O4 nanoparticles for MR imaging) can be 
incorporated into the polyphenol-based particles for 
theranostic applications of heart diseases. 
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Figure 13. (A) Schematic illustration demonstrating the formation of protein-TA nanoparticles and the potential heart-targeting mechanisms. (B) Pharmacokinetics of pure GFP 
and GFP-TA nanoparticles in the blood stream after intravenous injection. The blue arrow and dashed vertical line indicate the onset time for heart accumulation 6 h after 
injection. (C) Heart accumulation of TA-GFP nanoparticles as a function of time (1.5, 6, 48 and 120 h). Adapted with permission [55]. Copyright 2018 Macmillan Publishers 
Limited, part of Springer Nature. 

 
Natural polyphenols, such as GA, EGCG and 

curcumin, can be used as therapeutic agents for the 
treatment of disease (e.g., colon cancer and 
Alzheimer’s disease) [56, 121]. The incorporation of 
these polyphenols into biomacromolecule-phenol 
particles can achieve the efficient delivery of these 
therapeutic polyphenols. GA-grafted chitosan 
(CS-GA) and caseinophosphopetides (CPP) were 
mixed for the self-assembly of CS-GA-CPP 
nanoparticles [121]. The presence of GA endowed the 
nanoparticles with both antioxidant and anticancer 
activities. Moreover, EGCG was encapsulated into the 
CS-GA-CPP nanoparticles during the self-assembly 
process with high loading efficiency (> 80%). The 
nanoparticles could protect EGCG, which was labile 
under neutral and alkaline conditions, from being 
oxidized during the delivery process. The controlled 
release of EGCG could be achieved under simulated 
gastrointestinal environment and the released EGCG 
showed anticancer activity against colon cancer cells. 
Therefore, the reported nanoparticles could be used 
for oral delivery of bioactive polyphenols for the 
treatment of digestive tract diseases and colon cancer. 
Curcumin with the ability to recognize and bind to 
β-amyloid (Aβ) peptides were conjugated to a 
constrained cyclopeptide scaffold together with 
another Aβ-binding motif (the KLVFFA peptide), 
resulting in the peptide-phenol conjugates [56]. The 
reported conjugates efficiently bond to Aβ peptides 
and prevented them from abnormal aggregating into 
the toxic amyloid fibrils. The peptide-phenol 
conjugates were anticipated to play important roles in 
the therapy of Alzheimer’s disease and other amyloid 
related disorders. 

Polymer-phenol particles, constructed from 
natural polyphenols or their derivatives (e.g., TA, GA, 
EGCG and dopamine functionalized chitosan) and a 
range of biomacromolecules (e.g., proteins, 
polypeptides, carbohydrates and nucleic acids) or 
synthetic polymers (e.g., PEG, PVPON and PVCL) 
exhibited not only minimal acute immune responses 
or toxicity to normal tissues but also negligible 
long-term toxicity to major organs [17, 55, 111, 121]. 
However, the potential applications of 
polymer-phenol particles have not been fully 
investigated, as they are mostly used as cargo delivery 
systems or antibacterial agents in previous studies. 
Multifunctional polymer-phenol particles for diverse 
biomedical applications, including the diagnosis and 
treatment of different diseases, are still highly 
desirable. Due to the complexity of interactions 
between polyphenols and biomacromolecules, the 
formation mechanisms of biomacromolecule-phenol 
particles have not been fully understood [18, 55, 56]. 
This brings the difficulties in fully controlling the 
physicochemical properties, functionalities, and 
ultimate in vivo fate of the constructed 
biomacromolecule-phenol particles. Therefore, more 
efforts are also required for basic understandings of 
polymer-phenol interactions and bio-nano 
interactions to engineer new generations of 
polyphenol-based particles for efficient theranostics. 

Conclusion and Perspective 
Polyphenol-based particles with high 

biocompatibility, tunable physicochemical properties, 
and diverse functionalities are an important family of 
carriers for biomedical applications, especially for the 
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diagnosis and treatment of cancer (Table 1). 
Mussel-inspired PDA particles are good photothermal 
conversion agents for PTT. A range of cargoes, 
including anticancer drugs for chemotherapy, 
contrast agents for MR imaging, siRNA for gene 
therapy, and photosensitizers for PDT have been 
successfully loaded in PDA particles for 
imaging-guided cancer therapy. MPN-based vehicles, 
including hollow capsules, core-shell nanoparticles, 
and self-assembled nanoparticles, have shown the 
high potential for theranostics. The modification of 
targeting moieties on the surfaces of MPN-based 
particles can improve the specific interactions and 

diagnostic efficacy. In addition, polymer-phenol 
particles have been fabricated upon the interaction 
between polyphenols and different synthetic or 
natural polymers, which combine the functional 
properties of both polyphenols and polymers. The 
protection and in vivo transportation of natural 
polyphenols, which are good ROS scavengers, could 
be achieved by using the polymer-phenol 
formulations. Except for cancer therapy, the 
application of polymer-phenol particles has been 
expanded to the treatment of different diseases, such 
as heart damage, infectious diseases, Alzheimer’s 
disease or other related disorders. 

 

Table 1. The summary of polyphenol-based particles for diagnosis and therapeutic agent delivery.  

Structure Building block Cargo Application Ref. 
Mussel-inspired PDA 
particles 

Melanin-like NPs PDA / PTT [37] 
PDA Gd, DOX, SN38 MR imaging, PTT, chemotherapy [38] 
PDA DOX Chemotherapy [72] 
PDA Photosensitizer PDT, PTT [40] 
PDA DOX Chemotherapy, PTT, PA imaging [45] 
PDA ICG, DOX, MnII  MR imaging, PTT, chemotherapy  [44] 
PDA Ce6 PDT, PTT [68] 
PDA FeIII MR imaging [73] 
PDA CuII MR imaging, PTT, chemotherapy [42] 
PDA siRNA PTT, gene therapy [43] 

Hollow capsules PDA DOX Drug delivery, chemotherapy [74] 
PDA Ionic liquids, DOX Microwave thermal therapy, 

chemotherapy 
[41, 76] 

Core-shell 
particles 

Polymer micelle@PDA DOX, Btz PTT, chemotherapy [75] 
Au-Ag@PDA / PTT [79] 
Fe3O4@PDA / MR imaging, PTT [39] 
AuNR@PDA CuII CT, MR imaging, PTT, chemotherapy [80] 

Lollipop-like NPs PDA DOX, gossypol Chemotherapy [81] 
Artificial RBC 
particles 

Hb-PDA Photodynamic 
agent 

PDT [82] 

MPN-based particles Hollow capsules TA, metal ions DOX Ultrasound imaging, MR imaging, drug 
delivery, chemotherapy 

[12, 46, 47, 
93] 

PEG-catechol, FeIII Photosensitizer Targeted drug delivery, PDT [52] 
EGCG, FeIII DOX Chemotherapy [92] 

Core-shell 
particles 

RBC@TA-Fe / Universal blood for cross-type transfusion [54] 
Zein-chitosan@TA-metal ion DOX Fluorescence imaging, chemotherapy [95] 
BaGdF5@TA-Eu / CT, fluorescence imaging [89] 
Silica@TA-Gd AuNR, DOX CT, MR imaging, photothermal imaging, 

chemotherapy, PTT 
[48] 

Self-assembled 
NPs 

PEG-polyphenol, (PDI)-Pt-polyphenol, metal ions Ce6, DOX, MPO, 
IR790s 

Chemotherapy, CT, PET, MR imaging, PA 
imaging, fluorescence imaging 

[49, 50, 53, 
96] 

PEG-PDI, Pt-polyphenol, metal ions / PET, PA imaging, MR imaging, 
chemotherapy, PTT 

[97] 

TA, FeIII / MR imaging, hepatocellular carcinoma 
treatment 

[98] 

Natural polyphenols, FeIII Btz MR imaging, chemotherapy [99] 
Catechol-modified block copolymers, FeIII / MR imaging [100] 

Polymer-phenol 
particles 

Micelles Boronic acid-functionalized telodendrimers, 
catechol-functionalized telodendrimers 

PTX Chemotherapy [111] 

EGCG, boronic acid functionalized block 
copolymers 

DOX Chemotherapy, reducing cardiotoxicity, 
overcoming drug resistance 

[113] 

Hollow capsules TA, BDBA DOX Chemotherapy, drug delivery [17] 
EGCG, gelatin Dextran Cargo delivery [22] 
TA, BSA Lactoferrin, TRITC, 

THCP 
Oral delivery, intravenous delivery [57-59] 

TA, PVPON, PVCL, PDDA, PAH DOX, dextran Drug delivery, immunomodulation [114-117] 
Self-assembled 
NPs 

TA, boronic acid-functionalized HA / Antibacterial applications [112] 
TA, therapeutic proteins/viruses / Treatment of heart disease via 

chemotherapy or gene therapy 
[55] 

GA-grafted chitosan, peptides EGCG Oral delivery, treatment of colon cancer [121] 
Polymer 
conjugates 

Curcumin, peptides / Treatment of AD [56] 

Abbreviations: NPs: nanoparticles; Ref.: reference; TRITC: tetramethylrhodamine-isothiocyanate; THCP: hydrophobic 3,4,9,10-tetra-(hectoxycarbonyl)-perylene. 
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Although fascinating outcomes have been 
obtained in the engineering of polyphenol-based 
particles, there is still a huge space in the exploration 
of these particle systems for improved theranostics. 
One of the most important points is to introduce both 
low-fouling and targeting components into the 
polyphenol-based particle systems, which aims to 
provide the particles with reduced non-specific 
accumulation and improved targeting ability for 
enhanced tumor accumulation, respectively [122, 123]. 
However, the optimized balance between low-fouling 
properties and specific targeting capabilities requires 
repeated trials within the design and modification – in 
vitro and in vivo test – re-design and re-modification 
cycle. With a wide range of polyphenol-based 
particles designed, some of these particles were 
constructed in a black box with unclear mechanisms. 
Therefore, the detailed polyphenol-engaged 
interactions should be considered to fully understand 
the assembly mechanisms for controllable 
engineering of the polyphenol-based particles. 
Polyphenol-based particles for in vitro and in vivo 
studies have been widely investigated in previous 
studies. However, much more efforts are required to 
utilize these materials for practical applications in 
daily medical treatment, which include but not 
limited to establishing an optimized formulation, 
producing the materials in large-scale, selecting the 
best methods and amount for administration, as well 
as dealing with the potential side effects. In addition, 
the design of customized or personalized therapeutic 
formulations is possible by using polyphenol-based 
particles incorporating proteins or other biomolecules 
from individual patient. Although there is a long way 
from the concept to practical commercialized product, 
polyphenols have open up a new path for the design 
of functional materials for biomedical applications. 
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