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CONSPECTUS

Polyphenols are naturally occurring compounds that are ubiquitous in plants and display a
spectrum of physical, chemical, and biological properties. For example, they are antioxidants, have
therapeutic properties, absorb UV radiation, and complex with metal ions. Additionally,
polyphenols display high adherence, which has been exploited for assembling nanostructured
materials. We previously reviewed the assembly of different phenolic materials and their
applications (4Angew. Chem. Int. Ed. 2019, 58, 1904—1927), however there is a need for a summary
of the fundamental interactions that govern the assembly, stability and function of polyphenol-

based materials. A detailed understanding of interactions between polyphenols and various other



building blocks will facilitate the rational design and assembly of advanced polyphenol particles
for specific applications.

This Account discusses how different physicochemical interactions (i.e., hydrogen bonds, n
interactions, hydrophobic effects, metal coordination, covalent bonds, and electrostatic
interactions) can be leveraged to assemble and stabilize polyphenol-based particles for diverse
applications. In polyphenol-mediated assembly strategies, the polyphenols typically exert more
than one type of stabilizing attractive force. However, one interaction often dominates the
assembly process and dictates the physicochemical behavior of the particles, which in turn
influences potential applications. This Account is thus divided into sections that each focuses on a
key interaction, with relevant examples of applications to highlight structure—function
relationships. For example, metal coordination generally becomes weaker at lower pH, which
makes it possible to engineer metal-phenolic materials with a pH-responsive disassembly profile
suitable for drug delivery. Engineered particles, such as hollow capsules, mesoporous, and core—
shell particles, and self-assembled nanoparticles are some of the systems that are covered to
highlight how polyphenols interact with other building blocks, and therefore make up the major
focus of this Account. Some of the applications of these materials exemplified in this Account
include drug delivery, catalysis, environmental remediation, porous nanoparticle replication, and
forensics. Finally, a perspective is provided on the current challenges and trends in polyphenol-
mediated particle assembly, and viable near-term strategies for further elucidating the interplay of

various competing interactions in particle formation are discussed. This Account is also expected



to serve as a reference to guide fundamental research and facilitate the rational design of

polyphenol-based materials for diverse emerging applications.
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1. INTRODUCTION

Polyphenols are abundant, naturally occurring compounds, with over 8,000 unique molecules
discovered to date.! This abundance can be explained by the functional physical, chemical, and
biological properties that polyphenols naturally convey to organisms, including UV absorption,
metal ion complexation, anti-oxidation, and therapeutic efficacy.? Therefore, polyphenols have
been employed in traditional and modern medicine, tea and wine making, and other industries
throughout history.> Recently, there has been growing interest in polyphenol-based materials,
including particles, films, and bulk hydrogels, owing to the discovery of the broad adherence
arising from the catechol and gallol moieties in polyphenols.* These chemical groups enable
polyphenols to interact with diverse materials or substrates through a variety of interactions
including hydrogen bonds, m interactions, hydrophobic effects, metal coordination, covalent
bonds, and electrostatic interactions. Therefore, polyphenols are widely compatible structural
motifs for engineering materials for targeted applications spanning chemistry, materials science,
and nanomedicine.>

In the last decade, our group has explored a variety of polyphenol-mediated assemblies for
materials engineering (Figure 1).”!° In the present Account, the term “polyphenol” is used to refer
to catechol- and gallol-containing aromatic building blocks with functionality common to
polyphenols, without distinction between natural polyphenols and their synthetic derivatives.
Specifically, we introduce the various interactions that polyphenols exhibit and how these can be
used for particle assembly. The dominant interactions in each particle system give rise to unique

physiochemical properties that complement the inherent functionality of the polyphenols



themselves. We also discuss applications of the particles assembled through each specific
interaction. Furthermore, we highlight challenges facing polyphenol-inspired materials and

possible future research trends in this field.
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Figure 1. Timeline providing examples of polyphenol-based materials prepared from Caruso and

co-workers. Adapted with permission from refs. 7-19. Copyright 2011, 2014, 2015, 2017, 2018,
2019, and 2020 Wiley-VCH. Copyright 2013 American Association for the Advancement of
Science. Copyright 2015, 2016, 2019, and 2020 American Chemical Society. Copyright 2016

Springer Nature.

2. POLYPHENOL INTERACTIONS

Polyphenols are highly adherent molecules, as they interact with most materials owing to the
hydrophobic, hydrophilic, and charge shifting regions of the catechol and gallol moieties.®*
Figure 2 shows the structures of some typical natural polyphenols and the different key interactions
that polyphenols can display with different materials. Many polyphenol-based particles are formed

as a result of more than one type of stabilizing force but often one of the interactions dominates.



The interactions dictate the physicochemical behavior of the particles, which in turn influences
their potential applications. The following subsections thus focus on the key interactions of
polyphenols and relevant examples of applications to demonstrate the structure—function

relationship arising from careful choice of the building blocks.\
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Figure 2. (a) Examples of natural polyphenol building blocks commonly used for synthesizing

functional particles. (b—g) Polyphenols play a central role in engineering functional materials

owing to their various interactions with different materials, as exemplified here.

2.1. Hydrogen Bonds

A hydrogen bond is typically regarded as a weak electrostatic attraction that occurs between a
hydrogen atom (hydrogen-bond donor) and an electronegative atom such as nitrogen, oxygen, or
fluorine (hydrogen-bond acceptor). It is one of the most frequently used dynamic bonds to

assemble supramolecular networks with stimuli-responsive properties. The relatively high pKa of



polyphenols (8.7 for epicatechin,?! 8.5 for tannic acid (TA),?* and 7.7 for epigallocatechin-3-O-
gallate (EGCG)?!) and their multiple protonation states make them strong hydrogen-bond donors
at physiological pH. For synthetic polymers, a phenolic hydroxyl group (—OH) for example
interacts with an ether group (—O-) in poly(ethylene glycol) (PEG),? a carbonyl group (C=0) in
poly(N-vinylpyrrolidone) (PVPON),?* or an amine group (—NH2) in poly(allylamine).?

Polyphenols can also interact with biomacromolecules (e.g., polysaccharides, nucleic acids, and
proteins) through the formation of multiple hydrogen bonds. For example, TA forms hydrogen
bonds with the phosphate backbone of DNA?® or the carbonyl groups of peptide linkages.?’
Hydrogen bonds are also involved in the interaction of polyphenols with various inorganic
materials (e.g., mica).?® The ~OH in polyphenols also sometimes serves as hydrogen-bond
acceptors to form intramolecular hydrogen bonds depending on the bond dissociation enthalpy of
the phenolic hydroxyl group and surrounding steric effects.*’

TA has been exploited as an efficient hydrogen-bond donor for both polymersomes and PVPON
at physiological pH, producing multicomponent layer-by-layer capsules.” These capsules were
able to load plasmid DNA in the polymersome subcompartments, with triggered release in
response to changes in pH between physiological and endocytic conditions. Moreover, the
synthetic carriers provide possibilities for the incorporation of different functionalities and
properties, allowing tuning of the therapeutic delivery outcome. TA can also form hydrogen bonds
with the PEG chains in poloxamer 188 (F-68), resulting in self-assembled polyphenol-polymer
nanoparticles (PPNPs) potentially useful for oral drug delivery for inflammatory bowel therapy

(Figure 3a).’° These particles were loaded with the anti-inflammatory corticosteroid drug



dexamethasone (DEX). The final complexed particles had a uniform spherical shape with a
diameter of ~60 nm and displayed targeting properties toward highly inflamed colons in mice
owing to the electrostatic attraction between positively charged proteins in the inflamed colon
epithelium and the negatively charged phenolic residues of the particles (Figure 3b). As
polyphenols were hydrolyzed by esterase, approximately 62% of DEX was released after 4 hin a
simulated colitis environment in the presence of 30 U/mL esterase.

More recently, the concept of “TANNylated proteins” was introduced, where proteins are
functionalized with TA through hydrogen bonding.’! TANNylated green fluorescent protein (GFP)
was prepared by mixing GFP with TA in solution (Figure 3¢). The TANNylated GFP was stable
at pH 7.4 but aggregated when the solution pH decreased to 5.2 owing to enhanced hydrogen
bonding arising from the protonated phenolic residues (Figure 3d). The TANNylated proteins
showed prolonged blood circulation in rats, similar to the “stealth effect” induced by PEGylation.*
The TANNylated proteins penetrated the endothelium of blood vessels and accumulated in the
myocardium of the heart owing to their strong affinity to proline-rich collagen and elastin in the
heart rather than the glycocalyx in blood vessels. Notably, this TANNylation strategy can be
applied to other components, such as peptides and viruses, for heart-targeting therapies.’!

We recently reported a study on protein-polyphenol particles/capsules using TA and various
proteins with different isoelectric point (pl), molecular weight (M), and aliphatic index.'” This
allowed for a systematic investigation of the influence of the physicochemical properties on the
formation of the protein-polyphenol assemblies. We hypothesized and demonstrated that the

functional side chains of the different amino acids and the peptide backbone displayed multiple



interactions with polyphenols, involving hydrophobic interactions, hydrogen bonding, and
electrostatic interactions (Figure 3e). Five model proteins were used, i.e., lysozyme (LYZ),
immunoglobulin G (IgG), hemoglobin (Hgb), glucose oxidase (GOx), and cytochrome C (CYC),
to determine their interactions with polyphenols (Figure 3f). Urea degraded the IgG-TA and GOx-
TA capsules within 2 h, suggesting that these two types of polyphenol-mediated protein assemblies
were mainly stabilized by hydrogen bonds. The results also indicated that the strength of hydrogen
bonding between the polyphenols and proteins increased with the higher Mw of the proteins as the
peptide backbone and most of the exposed protein surface (polar amino acids) are hydrophilic. The
remaining types of protein-polyphenol capsules did not disassemble in urea, suggesting that
interactions other than hydrogen bonding are important is forming the protein-polyphenol

assemblies.
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Figure 3. (a) Synthesis and characterization of PPNP-DEX nanoparticles by atomic force
microscopy (AFM). (b) In vivo inflammation targeting in distal colons separated from colitis mice
and healthy controls. The increased fluorescence intensity in colitis mice (relative to that displayed
by healthy mice) demonstrated the targeting properties of PPNP-DEX toward inflamed colons. (c)
Synthesis and fluorescence images of TANNylated GFP. (d) The stability of TANNylated GFP at
pH 7.4 and 5.2. The high absorbance of TANNylated GFP at pH 5.2 indicates their aggregation
due to enhanced hydrogen bonding. (e¢) Schematic diagram of the possible interactions between
the functional groups of polyphenols and proteins. Ser: serine; Asn: asparagine; Phe:
phenylalanine; Val: valine; Asp: aspartic acid; Lys: lysine. (f) Percentage of protein-TA capsules
degraded after 1 h incubation in 100 mM of urea, Tween 20, or NaCl, elucidating the different
dominant interactions (i.e., hydrogen bonding, hydrophobic interactions, and electrostatic

interactions). (a, b) Adapted with permission from ref. 30. Copyright 2018 American Chemical
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Society. (c, d) Adapted with permission from ref. 31. Copyright 2018 Springer Nature. (e, f)

Adapted with permission from ref. 19. Copyright 2020 Wiley-VCH.

2.2. & Interactions

Polyphenols are aromatic compounds with hydroxyl moieties and therefore have an electron-
rich m system. Most reported 7 interactions with polyphenols focus on aromatic n—m stacking.'?
Such stacking, with its confined steric structure, is typically stronger than van der Waals
interactions formed between alkyl chains and provides efficient and predictable driving forces to
assemble stable supramolecular structures.*> However, it is important to note that © interactions
are not restricted to this single class of interaction. Ethylene, acetylene, and other simple & systems,
as well as cations, also exhibit w interactions with some polyphenol systems, although these cases
are less studied.

Among the different materials that exhibit n—m interactions, carbon materials, such as carbon
nanotubes (CNTs) and graphene, are commonly combined with polyphenols. Using CNTs as a
model, the adsorption of three aromatic compounds (i.e., salicylic acid, phthalic acid, and catechol)
suggests that the main interaction between polyphenols and CNTs originates from n—r interactions
rather than hydrophobic interactions or electrostatic interactions.>* Furthermore, the adsorption of
phenolic compounds on CNTs can be improved by using aromatic rings with a higher number of
—OH group substituents. This indicates that electron-donating substituents strengthen the m—n
electron donor—acceptor interaction.* Although not strictly particle assembly, by exploiting such

strong n—m interactions, TA can be used as a capping agent to modify the surface of graphene
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oxides and subsequently mediate their assembly into porous graphene oxides hydrogel systems
that exhibited enhanced adsorption toward organic dyes and oils in water.>®

Aromatic polymers, such as polystyrene (PS) particles, also interact with the aromatic rings of
polyphenols.'? Molecular dynamic simulations demonstrated that the catechol and gallol groups
of TA could interact with the aromatic styrene rings to anchor polyphenol molecules to the PS
surface. TA by itself would interact too strongly with the PS surface to allow for secondary

interactions; in contrast, TA3/Fe!!

complexes could interact with PS and extend into the solvent
for secondary interactions (Figure 4a and 4b). Such interactions influenced the mobility of the
polyphenol molecules once “locked” to the surface and were used to form complex hierarchical
assemblies of particles for a variety of applications, including self-reporting drug release and
magnetically directed bacteria.'?

Drug-loaded micellar nanocomplexes (MNCs) can be formed from the anticancer drug
doxorubicin (DOX) and the polyphenol-inspired molecule PEG-EGCG (Figure 4c).’” The strong
n—m stacking between the aromatic rings of both DOX and PEG-EGCG increased the solubility of
DOX in aqueous solutions. A high DOX loading efficiency (~88%) was achieved by adjusting the
PEG-EGCG-to-DOX weight ratio to ~2. Importantly, the DOX-MNCs remained stable even after
100-fold dilution or incubation with phosphate-buffered saline (PBS) solution (Figure 4d) and
could therefore provide a sustained release of DOX for 14 days. Compared with free DOX, the
DOX-MNCs (~124 nm in diameter) showed over 16-fold prolonged blood circulation and 20-fold

greater selective accumulation in the tumor tissue at 24 h—these improvements were attributed to

the enhanced permeability and retention effect (Figure 4e). This strategy illustrates a useful and

12



relatively simple way to design functional supramolecular materials for sustained release using ©

interactions.

c & _ e

4o e 9 B Free DOX - 4h
12 & Free DOX - 24h
B DOX-MNC - 4h
B DOX-MNC - 24h

g

=
=1
Y

Intensity (kcps)
g B
=
g
Hydrodynamic Size (nm)

)

DOX-MNC

: JI I
0 015 05 10 15 20 Q-J e ol M

Sample Concentration (pg/ml) Tm’ T::zrf 'T(-;':‘:: ;-;m: Tﬂn';r-'

DOX Accumulation
o

Figure 4. (a) Representative snapshots obtained from molecular dynamic simulations, showing
the anchoring, lockdown, and stable adsorption steps between gallol groups of TA3/Fe'! and a PS
surface. One TA of TAs/Fe"' remained unadsorbed on the PS surface and extended up to 4.5 nm
away from the PS interface. This extended TA domain could provide an anchoring point for
secondary interactions. (b) Close-up view of the aromatic interactions at the interface between TA
and PS surface. (c¢) Schematic synthesis of DOX-MNCs. (d) Critical micelle concentration of
DOX-MNCs determined by dynamic light scattering. (¢) Tumor-to-organ DOX accumulation at 4
and 24 h post-administration of free DOX or DOX-MNCs, demonstrating the good tumor targeting
of DOX-MNC:s. (a, b) Reproduced with permission from ref. 12. Copyright 2016 Springer Nature.

(c—e) Reproduced with permission from ref. 37. Copyright 2018 Wiley-VCH.
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7 Interactions also play a role in the formation of polyphenol-protein complexes, especially for
proteins containing aromatic amino acids and proline (e.g. thrombin, elastin, and collagen).’!-*8
Moreover, polyphenols can serve as Alzheimer’s disease inhibitors possibly due to aromatic n—n
interactions with amyloidogenic proteins.*® Recently, the short-range cation—n interaction between
the trimethylammonium group on polyelectrolytes and the aromatic region of phenolic groups has
been reported,*’ and it is likely that & interactions other than n-m stacking will gain interest for
both fundamental studies and material synthesis.

2.3 Hydrophobic Interactions

Hydrophobic interactions are an important driving force for protein folding and complexation in
nature, and are widely recognized as the dominant mode of interaction between most proteins and
polyphenols.*! For instance, to identify the major driving force for anticancer polyphenol-protein
nanocomplexes self-assembled from EGCG and Herceptin, the influence of different competing

interactions was investigated (Figure 5a).*?

The micellar nanocomplexes were disassembled by
Tween 20, Triton X-100, and sodium dodecyl sulphate (hydrophobic competitors), whereas urea
(hydrogen bond competitor) and NaCl (ionic competitor) were ineffective in disrupting them.
These results suggest that the dominant force driving self-assembly and stability in those
complexes is hydrophobic. Similarly, we showed that CYC-TA, LYZ-TA, and IgG-TA capsules
effectively disassembled in Tween 20 solution (Figure 5b), whereas a majority of all three capsule
types remained intact after incubation with urea.'” In contrast, 50% and 75% of the GOx-TA and

Hgb-TA capsules, respectively, remained intact after incubation with Tween 20, indicating

different or additional intermolecular forces operating in these systems. Overall, we found that
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proteins with high aliphatic indexes (i.e., containing more aliphatic and hydrophobic side chains)
formed stronger hydrophobic interactions with the aromatic groups of polyphenols compared with
those with low aliphatic indexes (Figure 5b), although it is difficult to clearly delineate between
hydrophobic and & interactions. These results highlight the complex nature of polyphenol-protein
interactions at the molecular level, which can be useful for constructing functional materials with
other biomacromolecules.

To highlight the dominance of hydrophobic interactions between aromatic groups in polyphenols
and hydrophobic surfaces, the adhesion properties of catechol-functionalized peptides on alkyl-
terminated surfaces were examined.* Along with simulations, these experimental results
suggested that the catechol residues present in the peptides tend to adopt a parallel orientation
(<45° relative to the plane of the surface) near hydrophobic (CHs-terminated) surfaces and a
perpendicular orientation (>45° relative to the plane of the surface) near hydrophilic (OH-
terminated) surfaces. These observations indicate that polyphenols change their orientation to
interact with different surfaces and may help explain why polyphenols are highly adherent.

Hydrophobic interactions also exist between the hydrophobic aromatic structures in polyphenols
and various inorganic materials. For example, polyphenols were intercalated into transition metal
dichalcogenide (TMD) (i.e., MoS2) nanosheets owing to the hydrophobic interaction between the
MoS2 monolayer and the aromatic structures in polyphenols (Figure 5c).** Additionally, the
hydrophilic hydroxyl motifs of the polyphenols facilitated the colloidal stability of exfoliated
nanosheets in aqueous solution. This demonstrates the synergistic effects of polyphenols for both

assembly and colloidal stability (Figure 5d).
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Figure 5. (a) Transmission electron microscopy image and schematic (inset) of the EGCG-protein
complexes. (b) Relationship between the stability of protein-TA complexes and the aliphatic index
of the proteins, as analyzed by capsule degradability in 100 mM Tween 20. (c) Schematic of the
polyphenol-assisted aqueous exfoliation process of TMD under sonication, which produces
monolayer nanosheets. (d) UV—vis absorbance spectrum and photograph of the exfoliated MoS2
nanosheets after sonication in epigallocatechin solution. (a) Adapted with permission from ref. 42.
Copyright 2014 Springer Nature. (b) Reproduced with permission from ref. 19. Copyright 2020
Wiley-VCH. (c, d) Reproduced with permission from ref. 44. Copyright 2018 American Chemical

Society.

2.4. Metal Coordination
Polyphenols are well known to coordinate to various metal ions, including Cu?*, Zn**, Fe**, AI**,

Fe*", Zr*', and Ti*', which is important in nature for plant pigmentation and cationic nutrient

cycling.”* These complexes have different stoichiometries (e.g., mono-, bis-, tris-complex), as
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modulated by pH, metal ion valency, or metal ion-to-phenolic group molar ratio. We previously
described a rapid and universal method for coating various substrates through the coordination of
polyphenols and metal ions, referred to as metal-phenolic networks (MPNs) (Figure 6a).%* This
strategy is applicable to form core—shell particles, hollow capsules, and hierarchical
superstructures with diverse surface chemistries, mechanical, magnetic, and electronic
properties.'>? MPNs disassemble at low pH upon protonation of the phenolic groups and disruption
of the coordination bonds (Figure 6b), where tunable disassembly profiles can be generated from
different metal ions.” Moreover, the metal ions contribute additional functionality to the MPNss.
For example, Rh**-TA capsules displayed excellent catalytic properties for the hydrogenation of
quinoline and Fe**-TA systems acted as a magnetic resonance imaging probe.”*’ Recently, the
coordination bonds of MPNs have been reported to facilitate the endosomal escape of
nanoparticles as a result of the “proton-sponge effect”, thereby enabling an alternative strategy for
efficient intracellular drug delivery (Figure 6¢).! A multimodal theranostic polymeric nanovesicle
(PNV) made of Fe**/Mn*"-based MPNs (PNV@Fe'"Mn!"TA) was also designed, providing tumor-
specific therapeutic regimens, including photoacoustic imaging, magnetic resonance imaging, and
photothermal imaging and therapy (Figure 6d).*® In addition, our recent study has shown that MPN
particles are highly biocompatible and biodegradable, as assessed following intratracheal
administration in mice, with tunable aerodynamic properties for controlled pulmonary delivery.*’

Polyphenols can directly interact with metal oxides (e.g. TiOz2, Fe203, and ZnO), where the two
adjacent phenolic groups of catechols form bidentate mononuclear chelation complexes and/or

bidentate binuclear bridging complexes with the metal oxides.’® The evolution of the catechol
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binding modes on TiO2 was studied,”’ which indicated that after initial adsorption via Ti'V—
catechol coordination, the hydration layer of the metal was disrupted and hydrogen bonds then
formed between the metal surface and subsequent catechol groups (Figure 6¢). When the surface
sites became saturated, long-range electrostatic interactions could also occur. Binding between
gallol moieties and TiO2 occurs in a similar way but the third phenolic hydroxyl group remains
unbound.>

It is notable that polyphenols are able to reduce noble metal ions, such as Au**, Pd**, and Ag",
to metal nanoclusters under suitable conditions and subsequently stabilize the nanoclusters through
binding to the metal atoms on the surface.’>>* The polyphenol-mediated synthesis of metal
nanoparticles represents a versatile and green strategy compared with traditional wet chemical
synthesis involving both reductants and surface capping agents. For example, monodisperse Au
nanoparticles (~35 nm) with an MPN shell were synthesized by mixing TA with HAuCls at room
temperature.’> The presence of an MPN shell on the Au nanoparticles could modulate their
catalytic performance, as the coating concentrated reactants (e.g., 4-nitrophenol) around the
catalytic Au nanoparticles via m—m stacking. This strategy may provide a new approach to
modulating catalytic activity, with a view toward developing tailorable smart catalytic systems.

We recently developed a protocol for visualizing latent fingerprints (i.e., invisible residual
biomolecule patterns) through the formation of Ag nanoparticles on pre-formed MPN films
patterned by biomolecules (Figure 6f).°° Four major classes of biomolecules (proteins, lipids,
nucleic acids, and polysaccharides) could interact with the MPN via various complex interactions.

The deposited MPN films subsequently enabled the in situ reduction of Ag ions into Ag

18



nanoparticles, resulting in high-fidelity patterns with enhanced reflectance and fluorescence. The
potential to integrate multiple physicochemical properties could further investigation into

polyphenol-mediated assembly methods and applications.
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Figure 6. (a) AFM image of Fe"-"TA MPN capsules. (b) pH-Dependent transition of Fe''-catechol
complexation state. R represents the remainder of the polyphenol molecule. (c) Representative
fluorescence image of MDA-MB-231 cells incubated with silica nanoparticles (green) coated by
Fe''"TA for 4 h. Endo/lysosomes (red, LysoTracker Red), nuclei (blue, Hoechst 33342), and
dashed lines indicate cellular boundaries. The low degree of colocalization of the green and red
fluorescence signals suggested successful endosomal escape of the silica nanoparticles. (d)
Representative in vivo T2-weighted MRI scans and pseudocolor maps of 4T 1-tumor-bearing mice
before and 4 h after intravenous injection of PNV@Fe"Mn!'TA. Tumors are marked with yellow
circles. (e) Schematic of the adsorption mechanism of catechol groups on a wet metal hydroxide
surface. (f) Confocal fluorescence images of Ag nanoparticles on an MPN-coated fingerprint

excited at 561 nm. (a, b) Reproduced with permission from ref. 8. Copyright 2013 American
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Association for the Advancement of Science. (c) Reproduced with permission from ref. 16.
Copyright 2019 American Chemical Society. (d) Reproduced with permission from ref. 48.
Copyright 2018 American Chemical Society. (e) Reproduced with permission from ref. 51.
Copyright 2016 Wiley-VCH. (f) Reproduced with permission from ref. 56. Copyright 2020 Wiley-

VCH.

2.5. Covalent Bonds

Polyphenols commonly undergo oxidative coupling induced by oxidants, enzymes, or increases
in pH or temperature to form oligo/polymeric polyphenolic assemblies.’” For example, the
catechol and pyrogallol groups of EGCG can be converted into corresponding highly reactive
semiquinones or quinones upon the addition of Cu®" at elevated temperatures. The coupling
formation of interflavan-linked dehydrodicatechins (T-T') then occurs through nucleophilic
addition by a quinone and/or coupling reactions by a semiquinone radical (Figure 7a).>® These
polymeric polyphenols then assembled into microspheres with a diameter of 1-3 um and exhibited
green fluorescence under UV irradiation (Figure 7b and 7c). Recently, the polymerized
polyphenol-based particles from quercetin were used to load hydrophobic drugs (e.g., curcumin)
in a one-pot method.>’

Furthermore, polyphenols react with both small molecules and macromolecules. One well-
documented example is that aldehydes cross-link polyphenols in the presence of acetic acid or
hydrochloric acid,®*®! wherein the protonation of acetaldehyde results in a carbocation that attacks

the aromatic rings of the polyphenol, followed by nucleophilic attack by another polyphenol.
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Notably, stabilizing polyphenol-based materials with such covalent bonds considerably increases
the stability of the assemblies, which may be beneficial for environmental applications such as
metal ion sequestration.®? In addition, the phenolic groups in polyphenols can be used as anchors
for diverse functional groups such as epoxy groups®® and alkyl bromides.®* Similarly, quinones
can react with nucleophilic functional groups (e.g. -NH2 and —SH) by Michael addition and/or
Schiff-base reaction, providing additional covalent modification routes for polyphenols.
Furthermore, the presence of some specific functional groups, such as carboxyl groups, in certain
polyphenols (e.g. caffeic acid) offers additional possibilities for tandem conjugation.’® Taking
advantage of the dynamic nature of boronate ester chemistry, wherein a reversible covalent bond
is formed between boronic acid and the cis-diol in some polyphenols, a responsive boronate—
phenolic network was developed. These complexes were stable at alkaline pH but disassemble at
acidic pH and/or in the presence of exogenous competing cis-diols (e.g., mannitol) (Figure 7d and
7e), holding great promise for biomedicine.!®*’ The extensive chemical reactivity of polyphenols

has been recently summarized elsewhere.®
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Figure 7. (a) Schematic illustration of Cu'’-mediated oxidative assembly of tea polyphenols at
elevated temperature (100 °C). (b) Scanning electron microscopy image of the resulting
polymerized particles. (c¢) UV—vis spectrum of the particle solution. Inset: photograph showing the
green fluorescence of the solution under UV irradiation. (d) Schematic showing the competing
molecular interactions among bortezomib (BTZ), polyphenols and proteasome following
intracellular delivery of boronate—phenolic complexes. (e) Relative tumor volume in MDA-MB-
231 tumor-bearing mice after intravenous administration of different materials. The decreased
tumor volume observed following treatment with BTI (i.e., BTZ-TA-Fe?") indicated their
improved therapeutic efficacy over other materials examined. (f) Stability of TA/poly(sulfobetaine
methacrylate) (PSBMA) film in NaCl and urea solutions, as analyzed by quartz crystal
microgravimetry. (g) Relationship between the stability of protein-TA complexes and isoelectric
point of the proteins, as analyzed by capsule degradability in 100 mM NaCl. (a—c) Adapted with
permission from ref. 58. Copyright 2013 American Chemical Society. (d, e) Adapted with

permission from ref. 47. Copyright 2018 American Chemical Society. (f) Reproduced with
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permission from ref. 66. Copyright 2015 American Chemical Society. (g) Reproduced with

permission from ref. 19. Copyright 2020 Wiley-VCH.

2.6. Electrostatic Interactions

Electrostatic interactions generate ion-paring complexes, which are widely used for biological
recognition and macromolecular configuration stabilization. Polyphenols become negatively
charged at higher pH owing to the ionization of the phenolic groups above their pKa, giving rise to
potential electrostatic interactions. Such interactions are responsive to polyelectrolyte
concentration and surrounding conditions, including pH, ionic strength, and temperature, all of
which can be modulated for specific applications.

In the system of multilayers of TA/PSBMA, the phenolic groups of TA (pKa 8.5) were
deprotonated and negatively charged at pH 10 and could therefore interact with the positively
charged quaternary ammonium group of PSBMA. % In contrast, the multilayers disassembled at
pH 3, suggesting that protonation of the phenolic groups and the neutral state of TA disrupt the
electrostatic interactions. Moreover, an increase in the ionic strength could disassemble the
multilayers by disturbing the electrostatic bonds (Figure 7f). Although this work described film
formation on planar substrates, it highlights the characteristic electrostatic properties of TA in a
dynamic way, which also provides useful information for assembling functional and dynamic
particle systems.

Our recent protein-polyphenol study demonstrated that LYZ-TA capsules disassembled most

efficiently in 100 mM NaCl compared to other protein-polyphenol capsules as a result of ionic
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shielding (Figure 7g).!° As the pl of the proteins increases in the order of GOx < Hgb < IgG <
CYC < LYZ, side chains in the protein became more positively charged and thus enhanced ionic
interactions with the deprotonated hydroxyl groups of the catechol/gallol; thus electrostatic
interactions were likely the dominant interactions in the assembly of LYZ-TA. Moreover, there is
a large body of research on the electrostatic interactions between polyphenols and positively
charged molecules, such as amine-containing molecules, although contribution from hydrogen
bonding cannot be discarded. For example, mesoporous silica nanoparticles (MSNs) could be
templated by supramolecular complexes of TA and ammonium cations.®” The produced
supramolecular complexes could subsequently interact with silicate species, promoting the
formation of hybrid nanoparticles. MSNs were obtained after removing the complexes simply by
washing with water. By adjusting the concentration of TA, the pore size was tuned from 5.9 to
12.9 nm. These MSNs showed the capacity to immobilize and protect bioactive macromolecules
(e.g., enzymes), with implications for the controlled release of proteins.

3. OUTLOOK

In this Account, we focused on the various physicochemical interactions that arise between
polyphenols and different materials and how those interactions govern the assembly, disassembly,
and functionality of the particles depending on the desired application. Although this Account
provides a succinct overview of the interactions relevant for the design of polyphenol-based
particles, a better understanding of the interaction chemistries ranging from the nanoscale to the
molecular scale is still needed. The complex nature of polyphenols means that it is unlikely for a

system to solely contain a single type of interaction even though studies generally focus on the
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dominant interaction. For example, this could indicate that chelation-based systems, such as
MPNs, might also be stabilized through hydrogen bonding, hydrophobic or © interactions arising
between the polyphenols themselves.

In addition, there is much scope for both fundamental and applied research in this field, as
various gaps currently exist in the literature. We herein highlight some possible areas of research
to help further advance the field. (1) Elucidating how the interplay of dominant and non-dominant
interactions alter the stability and responsiveness of polyphenol-based particles is an essential
fundamental question to address, which may be further strengthened by simulation studies. (2)
Similarly, investigating changes in the interaction type and strength in different environments will
shed light on the assembly/disassembly mechanisms of particles and potentially open up further
applications. Understanding the dynamic nature of interactions under different conditions should
also lead to more concrete guidelines for synthesizing responsive particles for applications in
complex environments. (3) Exploring how multiple interaction pathways can be controlled through
careful choice of precursors is important for further rational design. (4) Broadening the range of
materials (by examining blends of multiple materials) assembled with polyphenols has the
potential to lead to synergistic or emergent properties. (5) Expanding the choice of phenolics offers
a wide range of possibilities for controlling synthesis, as most polyphenol-inspired particles
reported to date are based on a handful of candidates (e.g. TA, EGCG, PEG-catechol). Functional
polyphenols, for example therapeutic polyphenol species, could expand the application of
polyphenol-inspired particles, especially for nanomedicine. (6) Establishing scalable methods for

synthesizing and extracting polyphenols with defined chemical structures is essential for further
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particle development. As many polyphenols are inexpensive and naturally abundant, their
commercial implementation is both feasible and potentially lucrative. (7) Finally, exploring the
multifaceted chemistry and distinct structure of polyphenols to enable the complex manipulation
of particle surface chemistry should offer opportunities not readily accessible for conventional
colloidal systems. Although much has been done to assemble and apply polyphenol-based
materials, there are still significant advances to be achieved. We envision that, with the concerted
efforts of researchers, understanding the role of diverse interactions involved in the formation of
polyphenol assemblies will lead to increasingly sophisticated functional materials for various

applications.
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