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Abstract: Oxidative stress, characterized by excessive production of reactive oxygen species (ROS), is a critical factor in the
progression of inflammatory bowel disease (IBD) and presents a potential therapeutic target. Anti-oxidant therapy, aimed at mitigating
excessive ROS, is emerging as a cornerstone in IBD treatment. Nanomaterials with robust anti-oxidant properties offer promise by
inhibiting inflammation through ROS scavenging, enhancing IBD therapeutic efficacy. Recent focus in ROS scavenging has centered
on metal oxide nanoenzymes and polyphenol-based nanomaterials. The primary challenges are the catalytic efficiency of nanoenzymes
and the functional integration of these nanomaterials with therapeutic agents. Polyphenols, natural plant extracts, have garnered
significant interest due to their potent anti-oxidant properties and unique catechol groups that interact with biomolecules such as
proteins and nucleic acids. The strong metal ion chelating ability of catechols enriches the structure and functionality of nanomaterials,
improving the physicochemical properties of nanocarriers and enabling innovative designs of multifunctional drug delivery systems
(DDSs). Research on polyphenol-based DDSs has expanded to include agents like epigallocatechin gallate, curcumin, resveratrol,
tannic acid, and polydopamine. These nanocarriers and anti-oxidants, which incorporate polyphenols, have demonstrated potential
anti-oxidant properties in novel DDSs as therapeutic agents to reduce inflammation and as essential components of drug carriers. This
review focuses on the design and application of natural polyphenol-based anti-oxidant nanomaterials for IBD treatment, offering
a comprehensive discussion on the use of polyphenols in DDSs and the potential challenges posed by their diverse roles in innovative
drug delivery strategies, including their impact on the physical and chemical properties of DDSs.
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Introduction

Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), are chronic conditions
that affect the gastrointestinal tract. These diseases are progressive and destructive, with an increasing incidence and
prevalence.'” Although the exact pathogenesis of IBD remains unclear, substantial evidence supports the dysregulation
of inflammatory cytokines, such as IL-6, IL-10, TNF-a, and IL-1p, along with a significant increase in oxidative stress
among patients. These factors are critical in triggering the development of IBD.>~> Current clinical therapies for IBD aim
to induce remission using low molecular-weight pharmaceuticals, including amino-salicylates, corticosteroids, immuno-
modulators, and biologics. However, these treatments often have limited efficacy in clinical practice, facing challenges
such as susceptibility to opportunistic infections, rapid clearance, limited functionality, and potential liver toxicity.®™®
Notably, oxidative stress is known to drive the infiltration of neutrophils and macrophages into the intestinal mucosa at
the site of IBD, resulting in the release of large quantities of reactive oxygen species (ROS) and inflammatory cytokines.’
There is increasing evidence that the overproduction of ROS plays a critical role in the pathogenesis and progression of
IBD.'° Strategies that reduce inflammatory cytokines and scavenge ROS could alleviate IBD symptoms.'' ' In this
context, there is substantial potential for developing innovative therapies that effectively mitigate ROS-induced oxidative
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stress while exhibiting anti-inflammatory properties. Recently, nanomaterial-based interventions have emerged as
promising strategies for mitigating inflammatory and oxidative damage in IBD. Among these, polyphenol-containing
nanomaterials have gained extensive attention from researchers.

Natural polyphenols are secondary metabolites with a polyphenolic structure, representing the predominant bioactive
constituents derived from commonly consumed plants. The therapeutic potential of polyphenols in preventing or alleviating
various metabolic disorders in humans has been convincingly demonstrated.'* This naturally occurring group of substances
includes a variety of compounds such as epigallocatechin gallate (EGCG), epigallocatechin (EGC), epicatechin gallate
(ECQ), catechin, tannic acid (TA), quercetin, gallic acid, gossypol, ellagic acid, resveratrol, caffeic acid, curcumin (CUR),
rosmarinic acid (RA), and many others. These compounds have attracted increasing attention from researchers due to their
potential therapeutic benefits and health-promoting effects, primarily attributed to their anti-oxidant and anti-inflammatory
properties.'>'® Specifically, the anti-oxidant capabilities of polyphenols provide cellular protection against damage from
ultraviolet light and help scavenge ROS in stressed cells. However, the water-insolubility of many natural polyphenols, such
as CUR and RA, somewhat limits their oral administration. The low absorption and poor bioavailability of these
compounds pose significant challenges to their clinical and industrial applications.'”"'®

With the advancement of nanotechnology in biomedicine, extensive research has been conducted to enhance the
stability and bioavailability of polyphenol-loaded drug delivery systems (DDSs) both in vitro and in vivo.'* ! From an
application perspective, these polyphenol compounds can be categorized into therapeutic and functional polyphenols.
They can function independently or be integrated with other materials. Notably, these compounds exhibit strong affinities
for various biomolecules like proteins and nucleic acids through combinations of hydrogen bonding and hydrophobic
interactions, making them promising candidates as constituents of nanomaterials.'® For instance, the preparation of
functional nanoparticles by polymerization and self-assembly of catechins and macromolecules was also reported, which
exhibited good bioactivity in vitro and in vivo.?* In addition, Zeng et al developed a universal nanotechnology for
preparing polyphenol nanoparticles with diverse functions by the polyphenolic condensation of epigallocatechin gallate
with small molecules.”> Compared to the strategies of molecular assembly or combination with other molecules, Yi et al
designed and fabricated various polyphenol nanoparticles through amino acid-triggered Mannish condensation reactions.
This simple and rapid method offers a new way to utilize naturally reproducible polyphenols.**

Additionally, a functional polyphenolic polymer known as mussel-inspired polydopamine (PDA), which contains
abundant reductive groups such as phenol and catechol, possesses exceptional redox capabilities that may mitigate
oxidative stress through electron liberation, thereby serving as a potential scavenger of ROS.>>?® Thus, this review will
elaborate on some design strategies for PDA-based anti-oxidant materials, especially in IBD therapy.

This review focuses on the delivery of polyphenols and their application as components in the construction of DDSs,
as well as the comprehensive exploration of polyphenols’ effectiveness in IBD therapy (Figure 1). The inherent
functional groups of polyphenols enable them to form hydrogen bonds, metal chelate interactions, covalent bonds,
hydrophobic interactions, n-n interactions, etc., which opens the way for their application in the field of nanomaterials.
Various intermolecular interactions between polyphenols and other macromolecules not only promote the morphology
engineering of polyphenol nanomaterials, but also enhance the loading and stimulus-response release capabilities of
drugs (including small molecule drugs, proteins and nucleic acids). Unloaded polyphenol nanoparticles can treat diseases
similar to polyphenol compounds because they still retain many of the good properties of polyphenols, such as their
ability to clear ROS and inhibit inflammation. For future perspectives, we will also discuss the potential limitations and
risks associated with the diverse roles of polyphenols in innovative drug delivery strategies, including their impacts on
the physical and chemical properties of nano-DDSs and their influence on normal physiological functions within the
organism.

Natural Polyphenol as Therapeutic Agents

Recently, there has been a substantial increase in the use of therapies based on naturally active compounds for treating
IBD, primarily due to their broad range of beneficial biological activities and excellent biocompatibility.”” The
therapeutic efficacy of natural polyphenols, known for their ROS scavenging activity, is particularly effective in treating
IBD. Notably, it has been reported that the ortho phenolic hydroxyl group found in the phenolic hydroxyl structure of
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Figure |1 Natural polyphenols as therapeutic agents/components in nanomaterials and the application of natural polyphenol-based nanomaterials for efficient IBD therapy.

plant polyphenols (such as catechol or pyrogallol) can readily oxidize to form quinones. These quinones deplete oxygen

from the environment and exhibit potent scavenging activity against ROS and other free radicals,*®*°

endowing
polyphenols with robust anti-oxidant capacities and multiple free radical scavenging abilities.

For patients diagnosed with clinical IBD, the oral route of drug administration is widely recognized as optimal due to
its superior patient adherence, convenient self-administration, exceptional safety profile, and cost-effective production.
Consequently, oral administration of naturally active compounds is highly desirable.>**' However, the harsh gastro-
intestinal microenvironment poses a significant challenge that must be addressed. Additionally, issues of water insolu-
bility and poor bioavailability also need consideration. Therefore, developing a therapeutic polyphenols delivery system
that effectively protects against gastrointestinal degradation, ensures specific adherence, and enables sustained retention
in the inflamed colon is crucial. Such advancements would significantly enhance the efficacy of colitis treatment.

According to the literature, plant-derived polyphenols such as CUR, RA, coffee cherry husk extracts, and grape seed
extracts, among others, have been explored in nanomaterial-mediated DDSs for managing conditions characterized by
inflammation, particularly IBD. Below, we discuss some research works involving therapeutic polyphenols as agents or
guest molecules in DDSs.

Curcumin

Curcumin is a polyphenolic compound extracted from turmeric. It exhibits free radical scavenging, anti-cancer, antiviral,
antiarthritic, anti-oxidant, and anti-inflammatory properties. Recognized by the Food and Drug Administration as
a biocompatible, low-cost, and safe food additive, curcumin is derived from the perennial herb Curcuma longa.
Despite its diverse molecular targets, curcumin faces significant challenges, including low solubility (<1 pg mL™"),
limited tissue targeting ability, and rapid oxidative degradation, contributing to its poor bioavailability and stability in

inflammation treatment. Its anti-oxidant and anti-inflammatory properties have been extensively studied in both in vivo
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and in vitro models, making it a promising candidate for IBD therapy.**** Curcumin also modulates various inflamma-
tory cytokines by suppressing the activity of NF-«kB, an inflammatory transcription factor closely associated with high
oxidative stress.** However, its spontaneous autoxidation at physiological pH and rapid degradation in oxidizing
environments result in inadequate oxidative stability, which hampers its therapeutic efficacy.>> Moreover, the oral
administration of curcumin for IBD may encounter the strongly acidic conditions of the gastrointestinal environment
and lack specific targeting to the inflamed colon.

To enhance its clinical utility, various research teams have focused on developing DDSs that address these limitations
and improve the targeted treatment of inflammation. For instance, to improve bioavailability and the efficacy of colon
inflammation inhibition, some self-assembled nanoparticles with curcumin as the core therapeutic agent have partially
solved the problems of effective transport and utilization. Liang et al (Figure 2a) fabricated a poly (diselenide-oxalate-
curcumin) nanoparticle (SeOC-NP) with dual-ROS sensitive chemical moieties.*® The nanosystem was synthesized via
a one-step assembly strategy, incorporating diselenide and peroxalate ester bonds, which endowed the structure of SeOC-
NP with ROS-responsive abilities, significantly improving the solubility and oxidation stability of curcumin. This ROS-
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Figure 2 (a) Schematic illustration of orally deliverable ROS-responsive linkage-bridged nanoparticle SeOC-NP for colitis alleviation in mice model. Reproduced from Liang D,
Shen X, Han L, et al. Dual-ROS sensitive moieties conjugate inhibits curcumin oxidative degradation for colitis precise therapy. Adv Healthcare Mater. 2024;13(13):2303016. © 2024
Wiley-VCH GmbH.¢ (b) Schematic representation of the fabrication process and oral drug delivery mechanism for dual drug-loaded DHC NPs. Reprinted from Int | Pharm.
Volume: 623. Xu C, Chen S, Chen C, et al. Colon-targeted oral nanoparticles based on ROS-scavenging hydroxyethyl starch-curcumin conjugates for efficient inflammatory bowel
disease therapy. 121884, Copyright 2022, with permission from Elsevier.*’ (c) Schematic representation of the preparation and mechanism of action for CUR@Chs-PNC NPs in an
IBD model. Using CUR@Chs-PNC NPs enables prolonged intestinal residence time for CUR, facilitating enhanced interaction between CUR and gut microbiota (GM), thereby
restoring gut homeostasis. Reprinted from Mater Today Bio. Volume 20. Xie Y, Xu W, Jin Z, Zhao K. Chondroitin sulfate functionalized palmitic acid and cysteine cografted-
quaternized chitosan for CD44 and gut microbiota dual-targeted delivery of curcumin. 100617, Copyright 2023, with permission from Elsevier.*® (d) Design and synthesis of oral
nano-antioxidant for treating inflammatory bowel disease (IBD). The preparation of oral nano-antioxidant and therapeutic effects of nano-antioxidant on IBD by macrophage
polarization and ferroptosis inhibition. Reprinted from Chem Eng J. Volume: 465. Yang ], Bai Y, Shen S, et al. An oral nano-antioxidant for targeted treatment of inflammatory bowel
disease by regulating macrophage polarization and inhibiting ferroptosis of intestinal cells. 142940, Copyright 2023, with permission from Elsevier.**
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responsive nanosystem significantly enhances the targeted delivery and oxidative stability of curcumin for high-efficiency
inflammatory therapy. Similarly, Xu et al (Figure 2b) developed polymeric micelle nanoparticles, referred to as DHC NPs,
formed through the self-assembly of hydroxyethyl starch (HES) and curcumin-conjugated polymers.’” These nanoparticles
encapsulate the anti-inflammatory drug dexamethasone (DEX), further enhancing the therapeutic effect.

Results from in vitro and in vivo experiments have demonstrated that the simultaneous delivery of anti-inflammatory
drugs and reactive ROS scavengers yields a synergistic therapeutic effect, combining the benefits of anti-inflammatory
therapy and ROS scavenging. The self-assembly strategy utilizing HES-CUR conjugates ensures stable drug delivery and
targeted release, with the natural polyphenol CUR significantly improving the biocompatibility of the DDS. This
approach is particularly promising, considering its potential to modulate gut microbiota dysbiosis and enhance short-
chain fatty acid (SCFA) production in IBD. Xie et al synthesized CD44 and gut microbiota dual-targeting nanoparticles
(NPs) and loaded them with CUR (CUR@Chs-PNC NPs) (Figure 2¢)® that exhibited prolonged intestinal residence time
and excellent on-demand drug release behavior in the inflamed colon. This nanoplatform promoted the production of
SCFAs, maintained intestinal microbiome homeostasis, and alleviated inflammation symptoms in vivo.

Moreover, curcumin has been shown to protect against ferroptosis in IBD by inducing GPX4, suppressing inflamma-
tion by inhibiting macrophage infiltration, and modulating macrophage polarization to the M2 phenotype.***' Thus,
curcumin holds promise as both a ferroptosis inhibitor and an M2-activating drug in treating IBD.** In a recent study,
Yang et al (Figure 2d) synthesized a mannose-chitosan (M-CS) based drug delivery vehicle with ROS scavenging and
ferroptosis inhibition properties, known as Cur-Ce@MCS, for targeted delivery of the nano-antioxidant CeO, nano-
enzyme and natural curcumin. Both in vitro and in vivo results demonstrated that this oral nano-antioxidant was effective
in inhibiting inflammation and ferroptosis, as well as in regulating intestinal microbial composition and maintaining
intestinal microecological balance.>”

The aforementioned polymeric nanoparticles have effectively encapsulated the hydrophobic drug curcumin. By
utilizing these functional nanoparticles, the bioavailability of polyphenolic drugs and the efficiency of targeted delivery
to disease sites are significantly improved, thus regulating the high oxidative stress environment of IBD. With the rapid
progression of research on plant polyphenols, an increasing number of dual drug-loaded systems based on curcumin are
being developed for the treatment of IBD.*’

Rosmarinic Acid

RA, another polyphenol-based anti-oxidant, has garnered increasing attention due to its broad range of bioactive properties,
including anti-inflammatory, immune-modulatory, anti-cancer, and antibacterial activities.** Despite RA’s significant ther-
apeutic potential, its limited water solubility and poor bioavailability have hindered its advancement toward clinical use.
A recent study reported the synthesis of RA based nanoparticles through the self-assembly of PEGylated RA to enhance its
water solubility and bioavailability.*> These water-dispersible PEGylated nanoparticles (RANPs) demonstrated a dose-
dependent reduction of colonic inflammation in in vivo experiments, surpassing the effects of free RA. Moreover, the
therapeutic efficacy of RANPs was further enhanced when combined with DEX, indicating a potential synergistic effect
with conventional medications. Utilizing a mouse model of acute colitis, the study showcased the effective application of
RA-derived nanoparticles as a promising nanomedicine for treating IBD. The RA-based DDS efficiently scavenged ROS,
protected cells from ROS-induced damage, and selectively targeted the inflamed colon to mitigate oxidative damage.

Natural Polyphenol as Components of Nanomaterials

In recent years, with the continuous advancement of materials science, scientists’ research on phenolic compounds has
turned to the field of nanotechnology. Polyphenols can exert their effects individually or in combination with other metal
ions, proteins, and various components to form composite materials, thereby exhibiting enhanced performance. These
distinctive chemical and functional characteristics have led to extensive applications of natural polyphenols in DDSs,
including mesoporous nanoparticles, nanocapsules, and hydrogels. Material engineering has recently experienced a surge
in interest, and research has focused on DDSs derived from natural polyphenols.*®*’

The field of nanomedicine has consistently been at the forefront of scientific research, with ongoing discoveries of

new methodologies and substances aimed at enhancing human health. Numerous DDSs such as hydrogels,*® metal ion-
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based composite nano-enzyme systems,*’ and mesoporous silica nanoparticles,”® are employed in treating IBD.
However, these materials often face challenges related to metal ion toxicity and degradation within the body.
Remarkably, the expansion of research possibilities for treating IBD with nanomaterials has been facilitated by the
emergence of innovative DDSs that leverage the inherent physical and chemical characteristics of naturally derived
active components.

Among the various substances studied, natural polyphenols have been recognized for their significant medicinal
value, facilitating the fabrication and assembly of DDSs utilizing natural products known for their minimal toxicity and
widespread availability. Polyphenols such as TA, EGCG, and catechin (CAT) are extensively employed as key
components in DDSs for treating diverse diseases. These systems effectively encapsulate polyphenols to optimize
therapeutic outcomes. Ongoing investigations into these significant phenolic compounds reveal their promising prospects
across various biomedical applications, including therapeutic delivery.

A key feature of polyphenols used in drug delivery lies in their abundant o-hydroxyl and m-hydroxyl groups found in
constituents such as dihydroxyphenyl (catechol) and trihydroxyphenyl (galloyl), which exhibit significant biological
activities and excellent therapeutic effects in IBD treatment.

The FDA has recognized TA, a naturally occurring polyphenolic compound, as “generally recognized as safe”.
Numerous studies have utilized TA to create diverse drug delivery platforms, including hydrogels, nanoparticles, and
microcapsules. These systems are developed based on hydrogen bonding, electrostatic interactions, or metal-coordination
interactions.’’° The binding of TA to numerous proteins involves phenolic hydroxyl-rich components, specifically
comprising five gallol groups (with three -OH groups attached to an aromatic ring) and five catechol groups (consisting
of two -OH groups covalently bonded to an aromatic ring). These components establish multiple hydrogen bonds and
hydrophobic interactions with target proteins.”’ In addition, the therapeutic capacity of TA has attracted considerable
interest owing to its exceptional biological properties that include antioxidative effects, anti-inflammatory characteristics,
and antineoplastic impacts.’®*° Moreover, Wang et al’s findings suggest that TA may inhibit colitis through the
suppression of the IL-17-NF-kB pathway and the enhancement of microbiota-mediated methylation pathways, further
contributing to its therapeutic potential in IBD management.®’ Based on the study of the biological activity of TA,
integrating nanomaterials with TA has enhanced its efficacy through improved bioavailability and targeted delivery,
improving therapeutic effects and minimizing potential side effects.

TA-Armored DDSs for IBD Treatment

As is widely recognized, the primary challenge in administering anti-inflammatory medications orally is ensuring swift
absorption within the small intestine while achieving targeted release, specifically within the inflamed colon. To address
this issue, He et al (Figure 3a) reported an oral nanomedicine comprising a core of small interfering RNA (siRNA)
targeting tumor necrosis factor-o (TNF-a) encapsulated in gallic acid-mediated graphene quantum dot and bovine serum
albumin nanoparticles (siRNA-GBSA NPs), surrounded by a chitosan and tannic acid (CHI/TA) multilayer armor.®® In
this nanoplatform, TA provides antioxidative stress and prebiotic properties that help regulate the GM and offer
protection against harsh gastrointestinal conditions while facilitating targeted delivery to inflamed colon sites.

In another approach, Khorshid et al devised and produced reservoir microdevices coated with bio-adhesive TA, which
can establish physical/chemical connections with the amino acid residues in zein while facilitating a mussel-inspired
attachment to the intestinal mucosa.®® The ex vivo experiments reveal that the incorporation of TA significantly enhances
the adhesive properties of the coating within the intestinal tract, an enhancement further confirmed by in vivo studies on
intestinal retention. Similarly, Zha’s group design and fabricated TA capped hafnium disulfide (HfS2@TA) nanosheets
for IBD therapy. Benefiting from the transformation of the S*/S®* valence state and the modification of TA, the obtained
HfS2@TA nanosheets were not only capable of eliminating ROS/reactive nitrogen species (RNS) and downregulating
pro-inflammatory factors but also exhibit excellent targeting capability to an inflamed colon.®’

Maintaining the balance and stability of GM is crucial for immune regulation in managing IBD. Consequently, the oral
administration of living bacteria is gaining increasing attention as a potential therapeutic approach for gastrointestinal
disorders. Nanomaterial-armored probiotic delivery strategies have been developed to enhance the efficacy of therapeutic
bacteria. For instance, Pan et al demonstrated that a protective layer called “nanoarmor” (Figure 3b), consisting of TAs and
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Figure 3 TA-armored nanoparticles and probiotic delivery systems. (a) Synthesis scheme for siRNA-GBSA(CHI/TA), NPs. Reproduced from He H, Qin Q, Xu F, et al. Oral
polyphenol-armored nanomedicine for targeted modulation of gut microbiota—brain interactions in colitis. Sci Adv. 2023;9(2):eadf3887. Creative Commons.®? (b) The
nanoarmor facilitates rapid and highly biocompatible encapsulation of individual cells, protecting against a diverse range of antibiotics with varying molecular structures and
properties. Reproduced with permission from ref.®* (c) Diagram illustrates the SGM preparation process. Reprinted from Chem Eng J. Volume 446. Yang J, Zhang G, Yang X,
et al. An oral “Super probiotics” with versatile self-assembly adventitia for enhanced intestinal colonization by autonomous regulating the pathological microenvironment.
137204, Copyright 2022, with permission from Elsevier.** (d) The therapeutic bacteria are decorated with TA and mucin using layer-by-layer coating technology. Reproduced
from Yang X, Yang ], Ye Z, et al. Physiologically inspired mucin coated Escherichia coli nissle 1917 enhances biotherapy by regulating the pathological microenvironment to
improve intestinal colonization. ACS Nano. 2022;16(3):4041—4058. Copyright 2022. American Chemical Society.®®

ferric ions, can effectively shield bacteria from the effects of antibiotics.®® The interaction between catechol groups and Fe**
allows the hydroxyl groups in TA to form stable metal-acid complexes, which engage in diverse interactions-including
hydrogen bonding, hydrophobic interactions, and electrostatic interactions-with antibiotic molecules on the bacterial surface.
These interactions impede the entry of antibiotic molecules into bacterial cells, thus safeguarding the bacteria. With its good
biocompatibility, the plant extracts of TA nanoarmor serve as an ideal candidate for probiotic engineering.

Furthermore, Zhang’s research team illustrated the construction of a “Super Gut Microorganism” (Figure 3c) where
cells are encapsulated with plant polyphenols TA and poloxamer 188 (F68, intravenous excipients) to form a functional
surface “armor”.** They also employed a layer-by-layer technology to develop a tannic acid and mucin-coated super
probiotic (EcN@TA-Ca®"@Mucin) as an alternative strategy (Figure 3d).®> All the synthetic coating facilitates robust
adhesion to the intestinal mucosa, thereby promoting the colonization of probiotics in diseased conditions and exhibiting
remarkable abilities to regulate GM and reduce inflammation through TA.
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TA-Mediated Supramolecular Self-Assembly DDSs for IBD Treatment

As previously mentioned, TA possesses abundant galloyl and catechol groups, which can establish hydrogen bonds and
hydrophobic interactions with macromolecules like polymers and proteins, facilitating the creation of particles suitable
for biomedical purposes.’’*®’ Due to its distinctive structural characteristics, TA has garnered considerable attention
across various biological activities. Fortunately, using polyphenols as building blocks for particle assembly has improved
bioavailability and targeted delivery capabilities. Due to its multiple hydroxyl groups and phenolic structure, TA is an
excellent candidate for nanoparticle engineering.

Additionally, they serve as a secure and efficient nanoplatform containing TA for preventing and treating acute lung
injury and colon diseases.””’" Through aqueous self-assembly, poly (ethylene glycol) (PEG) containing polymers DSPE-
PEG2k can be captured by TA through hydrogen bonding, and the supramolecular nanoparticles constructed are used for
the protective delivery of infliximab. Substantial improvements in the effectiveness of IBD treatment can be attained by
administering these nanoparticles orally, leading to enhanced therapeutic outcomes compared to free infliximab. As
depicted in Figure 4a, the combination of TA and D-o-tocopherol polyethylene glycol 1000 succinate (TPGS) can
generate condensed nanoparticles via hydrophobic interactions and hydrogen bonding.””> These nanoparticles can
scavenge ROS, exhibiting anti-oxidant and anti-inflammatory properties.

In addition, it has been reported that the interaction between the pyrogallol groups of TA and the CD cavities of PCD
can lead to the assembly of TA with poly-B-cyclodextrin (PCD) through host-guest interactions.”* Unlike the process of
oxidation self-polymerization’* or the mechanism of metal ion chelation,”” the host-guest assembly effectively maintains
the exceptional pyrogallol group activity of TA, showcasing its remarkable ability to combat oxidative stress.”” Inspired
by a unique assembly technique, Zhang et al developed an orally administered nanoparticle formulation for treating
IBD.” This formulation is based on the rapid host-guest assembly (within 10s) between dexamethasone sodium
phosphate (DSP)-loaded PCD and TA, resulting in effective drug delivery (Figure 4b). And the oral nanoparticle
containing polyphenols not only exhibits a selective affinity towards the inflamed colonic mucosa due to electrostatic
attraction, but also demonstrates a potent ability to scavenge ROS, which is attributed to its TA constituent.

In another study, Hu et al designed polyphenolic nanoparticles pPBDT-TA through the controlled self-assembly of TA
and a self-polymerizable aromatic dithiol (benzene-1,4-dithiol, BDT). The fabricated pPBDT-TA demonstrated improved
biocompatibility, significant anti-oxidant, and anti-inflammatory activity. Alginate, an FDA-approved material for food
additives, has been frequently applied as a substrate for bacterial encapsulation due to its resistance to acidic environ-
ments. To protect probiotics from the harsh oral environment, sodium alginate and pBDT-TA were coated onto the
surface of EcN, and the resulting collaborative probiotics platform protected EcN from the adverse environment of the
gastrointestinal tract and achieved efficient intestinal retention in dextran sulfate sodium (DSS)-induced colitis model
mice.

In conclusion, the medicinal value of the natural polyphenol TA and its application in conjunction with nanomaterials
offer a promising approach to treating IBD. The initial results are encouraging, but further research is necessary to fully
understand and optimize this treatment strategy. Combining traditional medicinal substances with modern nanotechnol-
ogy could potentially revolutionize how we treat complex diseases like IBD.

Other Functional Polyphenols Mediated DDSs for IBD Treatment

The natural compound (-)-epigallocatechin-3-O-gallate (EGCG), found in green tea, exhibits a high affinity for DNA,
RNA, and proteins due to its ability to form hydrogen bonds with these molecules.”® Moreover, EGCG has been reported
to have therapeutic effects in relieving colitis; this bioactive compound, rich in polyphenols, combats inflammation and
oxidative stress and improves colonic inflammation, partly depending on the gut microbiota.”””® Inspired by these
benefits, using polyphenols and proteins to create hydrogels for IBD drug intervention has become feasible. In related
research, scientists successfully formed functional hydrogels composed of amyloid fibrils through surface coverage with
EGCG, facilitating self-assembly and encapsulation of EGCG into nanofilaments (up to 4.0 wt%).%* After oral admin-
istration, these hydrogels significantly improved colitis in vivo, enhancing intestinal barrier function, suppressing the
expression of pro-inflammatory mRNA, and effectively regulating dysbiosis in GM.
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Additionally, due to its strong binding affinity, EGCG can serve as a building blocks for siRNA delivery. Researchers
have demonstrated that the EGCG/siRNA complex, carrying a negative charge, is further coated with cationic polymers
through electrostatic interactions, facilitating the condensation of siRNA into uniform nanoparticles by polymers. These
nanoparticles exhibit specific down-regulation of target genes in vitro and in vivo, effectively attenuating chronic
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intestinal inflammation for treating IBD.”® Inspired by the structural and functional characteristics of EGCG, Shen et al
conducted a subsequent investigation where they introduced polymers with catechol grafting to enhance siRNA binding,
cellular uptake, and gene silencing. The synthesized polycatechols/siRNA complex exhibited superior efficacy in
delivering siRNA and effectively alleviated TNF-o induced inflammation in an intestinal injury model. This system
has undergone extensive optimization by developing a robust and efficient strategy for facilitating polymer-mediated
RNA interference (RNAIi) using natural polyphenols containing multiple phenol groups.®!

It is also worth mentioning that metal-polyphenol networks (MPNs), the supramolecular amorphous networks formed
by the coordination interactions between multivalent metal ions and polyphenols, have gained wide attention for various
biomedical applications, including drug delivery and surface coating due to their remarkable physicochemical
properties.®?> MPNs (Fe** and EGCG) possess ROS-responsive properties and can specifically release EGCG at
inflammatory lesions. Deng et al developed a delivery nanosystem based on metal-polyphenol network/cerium oxide
artificial enzymes (MPN@CeO,) to manage UC and evaluate the severity of inflammation via MRI/CT imaging. The
nanoplatform was engineered with Fe'* and EGCG wrapped around CeO, nanozymes. Fe>* and Ce endowed
MPN@CeO, with MRI/CT imaging capabilities for UC. Oral administration of enteric-coated MPN@CeO, successfully
attenuated intestinal inflammation and dysfunction in protective and therapeutic colitis models. RNA sequencing analysis
revealed that MPN@CeO, ameliorated UC symptoms primarily through inflammation-related signaling pathways,
representing an innovative diagnostic and treatment approach for UC.

Although budesonide (BUD) possesses potent local anti-inflammatory activity, its therapeutic efficacy is limited due
to first-pass metabolism and limited bioavailability. Addressing these limitations, Kumar Mishra et al developed micellar
nanomaterials using stearic acid and the phenolic compound caffeic acid (CA).® The presence of CA promotes the
formation of micelles for efficient delivery of BUD and demonstrates anti-inflammatory effects by inhibiting NF-kB,
COX-2, and several pro-inflammatory cytokines.

Natural Polyphenols Inspired Bioactive Polydopamine for IBD Treatment

In addition to the TA mentioned above, phenolic compounds represented by mussel-inspired PDA has also aroused great
interest and the incorporation of PDA will provide additional advantages: PDA contains a similar chemical structure to
polyphenols which provides extra antioxidant activity.** Besides, due to the strong affinity of natural polyphenols

335485 various phenolic structures in PDA, including phenol,

towards biomolecules like proteins and nucleic acids,
catechol, and pyrogallol moieties, have been utilized to develop highly effective polymers.

Intestinal immune homeostasis plays a crucial role in the onset and progression of IBD. Following an abnormal
immune response, the aberrant expression of pro-inflammatory and anti-inflammatory cytokines, along with the accu-
mulation of ROS, is considered a cause of tissue damage. Therefore, immunoregulation and ROS scavenging are
essential for treating intestinal inflammation.®® Nature phenolic compounds, polydopamine nanoparticles (PDA NPs),
derived from the self-polymerization of dopamine, have garnered significant attention due to their excellent biocompat-
ibility, biodegradability, and anti-inflammatory and antioxidative properties.*”*® Moreover, due to its ability to adhere to
both inorganic and organic surfaces, DA finds extensive applications in surface modification, protein immobilization, and
cell adhesion.®® Furthermore, the amine groups of DA facilitate convenient conjugation, thereby enabling further
customization of surface properties tailored to specific applications.®

Consequently, harnessing the distinctive characteristics of PDA to modulate gut immunity and mitigate oxidative
stress emerges as an appealing therapeutic approach for intestinal disorders, particularly IBD.

Immune Regulation Properties of PDA

Despite the importance of immunosuppression in mitigating excessive immune activation, the clinical use of immunosuppressive
agents is significantly limited due to their inadequate inhibition efficacy and unpredictable off-target toxicities. In this context,
nanoparticles with immunomodulatory capabilities, particularly phenolic structure-containing polymer nanoparticles like PDA
NPs, offer new strategies. These nanoparticles can impede intestinal inflammation by facilitating the activation of regulatory
T (Treg) cells and directly impeding the differentiation of naive T cells into effector T helper (Th) cells, such as Thl, Th2, and
Th17. Furthermore, they also demonstrate suppressive effects on dendritic cell stimulation.”” Some of the recent research
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illustrated the excellent immune regulation properties of PDA. As an illustration, Liu et al developed biomimetic nanomedicine
using PDA (PDA@mCRAMP@MM, PCM NPs) to regulate mucosal immune homeostasis for managing IBD. As anticipated,
the nanoplatform significantly alleviates cellular inflammation by acting as an immunosuppressive modulator, attributed to its
capacity to combat oxidative stress induced by PDA. Liu et al also elucidated the role of dopamine in dopaminergic immunor-
egulation for mitigating excessive immune activation within inflamed tissues. The PDNI, a multifunctional immunosuppressant
composed of polydopamine nanoparticles, is synthesized through the self-polymerization of DA in an alkaline environment.
PDNI can induce regulatory T (Treg) cells and directly inhibit T helper (Th) cells. Moreover, PDNI can hinder the activation of
dendritic cells (DCs), leading to an increase in the ratio of Treg/Th17. This beneficially reduces inflammatory responses in
pathological tissues,* providing a universal approach for developing novel immunotherapies targeting IBD.

This discussion highlights that intestinal macrophages exhibit heterogeneity and can be classified into two distinct subsets, M 1
and M2,”" which are implicated in disrupting the intestinal epithelial barrier. It is crucial to maintain intestinal immune home-
ostasis by achieving a meticulous and delicate equilibrium in the polarization of macrophages into M1/M2 phenotypes. Several
studies have identified PDA as a potential modulator of macrophage polarization, directing macrophages towards the M2
phenotype to reduce the inflammatory response.”>” Therefore, regulating macrophage polarization via PDA represents
a promising therapeutic strategy for IBD treatment. Meng et al observed that Thali nanocrystals with a core-shell structure
(Thali@PDA) exhibited multifunctional properties. These nanocrystals, consisting of thalidomide known for its anti-
inflammatory effects and coated with PDA, significantly increased the polarization of macrophages towards the M2 phenotype
during radiotherapy, thereby enhancing the therapeutic effects of Thali@PDA on IBD.**

Anti-Oxidant Properties of PDA

Additionally, PDA NPs possess potent redox capabilities for scavenging ROS in the inflamed colon, owing to their
abundant reductive groups such as phenol and catechol.”>*® Specifically, PDA can transfer electrons to different
oxidants, providing a favorable anti-oxidant effect by neutralizing oxidative free radicals.>> This characteristic makes
it a promising candidate for scavenging ROS and broadens its applications in biomedical anti-oxidants.

Recent research has explored using PDA-based nanomedicine for ROS scavenging in IBD therapy. For example, Yan
et al provided a representative example of PDA-based nanoparticles that met anti-oxidant activity for ROS scavenging
and oxidative stress regulation.”” The nanoplatform (LS@PDA NPs) was synthesized via a simple one-step method by
encapsulating loxoprofen sodium (LS) within PDA during the polymerization of PDA NPs. When administered orally,
LS@PDA NPs effectively scavenged excessive ROS, alleviating inflammation and improving acute inflammatory bowel
conditions compared to free LS. Moreover, the negatively charged LS@PDA NPs achieved targeted delivery due to the
positively charged surface of the inflamed colon, reducing undesirable drug toxicity. Additionally, mesoporous poly-
dopamine nanoparticles (MPDA NPs), distinguished by their regularly structured pores, have garnered significant
attention in surface modification and drug delivery due to their enhanced accessibility to active sites compared to their
nonporous counterparts. A previous study presented a combined therapy approach (PAA@MPDA-SAP NPs), where
MPDA acted as both the carrier and scavenger of ROS, whereas polyacrylic acid (PAA) served as a “molecular switch”
to prevent premature drug degradation and release in the stomach following oral administration. As anticipated, the
PAA@MPDA-SAP NPs demonstrated enhanced therapeutic efficacy compared to free SAP and PAA@MPDA NPs,
evidenced by their synergistic reduction of inflammatory cytokines and ROS expression facilitated by MPDA.®

Conclusions and Future Perspectives

For decades, the health benefits of polyphenols have been primarily associated with their ability of anti-oxidants and ROS
scavenging (Table 1), which has predominantly been demonstrated. For decades, the commercial development of polyphenols for
clinical use has been hindered by inherent shortcomings such as water insolubility, low absorption and bioavailability, and rapid
elimination and metabolism from the system. Moreover, the harsh gastrointestinal microenvironment of IBD presents a significant
challenge for polyphenol-based therapeutic agents, necessitating innovative solutions. With the advancement of nanomedicine,
naturally derived polyphenols play a crucial role in creating and applying anti-oxidant nanomaterials, serving both as therapeutic
agents and components in DDSs. The ortho phenolic hydroxyl group in polyphenols such as catechol or pyrogallol endows them
with potent anti-oxidant properties and scavenging activity against ROS and other free radicals. Additionally, the presence of
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Table | Representative Advances of the Biomedical Studies of Polyphenol-Containing Nanomaterials

Polyphenols | Other Materials Size (nm) Therapeutic Effect Reference
Curcumin Diselenide-oxalate 182 + 11 ROS scavenging [36]
Curcumin Hydroxyethyl starch | 40-60 Anti-inflammatory drug and ROS scavenger [37]
Curcumin CeO, 200-300 M2 polarization via ROS scavenge, and inhibit ferroptosis [38]
Curcumin Chitosan 2389 CD44-mediated active targeting and regulate intestinal microbiota dysbiosis | [39]
Rosmarinic PEG 67.5%3.5 Anti-inflammation [45]
acid

TA Graphene quantum | 200-350 ROS-scavenging and gene interference [62]

dot and BSA

TA Zein / Anti-inflammatory [66]
TA Ferric ions (Fe™) 3000 Increases the abundance and diversity of gut flora, scavenges ROS, and [63]

downregulates inflammati

TA EcN 1165 + 36 to | Modulate the ROS boosting and iron homeostasis [64]
1378 + 25

TA Ca®", mucin, and Ecn | 1050 and Probiotics can resist the Gl environment [65]
1150 and stronger intestinal adherence

TA DSPE-PEG2k / ROS-scavenging and TNF-a inhibition [75]

TA Dexamethasone ~28 ROS-scavenging [73]

sodium phosphate

EGCG Amyloid 6.59 Promote intestinal barrier function, suppress the pro-inflammatory mRNA | [80]
2.53-10.65 + expression, and regulate gut microbial dysbiosis
2.11
Caffeic acid Budesonide 152+19.07 Downregulation of various related cytokines and inflammatory enzymes [83]
PDA Thali 764.7 £ 50.30 | Anti-colitis and anti-angiogenic activities [94]
PDA Loxoprofen sodium | 124.7 + 7.2 Effectively scavenge excess ROS to alleviate inflammation [97]

dense o-hydroxyl and m-hydroxyl groups in the catechol and galloyl segments of polyphenols enables their binding with diverse
materials, including metals, proteins, polymers, nucleic acids, and even small molecular compounds through mechanisms like
hydrogen bonding, covalent interactions, metal coordination, and n-n stacking. This organized intermolecular binding confers
novel functional orientations to polyphenols within innovative DDSs. However, with ongoing research, developing further DDSs
suitable for more therapeutic polyphenols presents a significant challenge, and exploring more clinical treatment possibilities
remains a critical need.

Although bioactive polyphenols have advantages in the treatment of inflammatory bowel disease, and many new methods for
the treatment of intestinal diseases have been proposed in combination with the development of nanomaterials, there are still
many problems and challenges in practice. The purpose of this review is to describe the current development of polyphenol-based
treatment strategies and analyze their advantages and disadvantages, with a view to paving the way for the treatment of IBD.

The main problem is targeting and adhesion. The bio-adhesion of polyphenols is inspired by the marine adhesion of mussels,
which exhibit strong adhesion to various substrates in seawater through the secreted mussel adhesive protein, attributed to their
abundant catechol groups. Compounds like tannic acid and polydopamine can interact with colonic tissues through electrostatic
adsorption, hydrogen bonding, cation-m interactions, and covalent bonds. However, whether this interaction can truly provide

strong wet adhesion remains a question, especially in the complex pathological environment of IBD. Therefore, developing novel
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DDSs with efficient wet adhesion properties could significantly enhance the accumulation efficiency of polyphenols at the sites of
intestinal inflammation, thereby improving therapeutic effects.

Optimizing and developing new probiotic dosage forms based on natural polyphenols. In this review, the design of
polyphenol-armored probiotics, based on the antioxidant and targeting properties of natural polyphenols in inflamed intestinal
sites, opens up a new direction for clinical oral probiotics therapy. However, the complex synthesis process will greatly limit its
large-scale application. In addition, optimizing the coating of natural polyphenols on the surface of probiotics and reducing
synthesis complexity and the effect of armor shell on the activity of probiotics will contribute to its therapeutic application.

To develop polyphenol-based hydrogels for the in-situ repair of intestinal mucosal barrier damage. The most
prominent pathological feature of IBD is the destruction of the intestinal mucus barrier, which facilitates the transfer
of pathogenic microorganisms and disrupts microbial homeostasis. Polyphenols offer significant advantages in the
development of polyphenol-based hydrogels due to their antioxidant properties, excellent biocompatibility, and ease of
modification. Creating a hydrogel system that can be administered orally and cross-link in situ at the site of inflamed
colon to seal the damaged area and alleviate oxidative stress will fundamentally alleviate IBD.

Polyphenol-based polymeric nanoparticles are not only useful for drug delivery but also for labeling functional metal
ions and encapsulating fluorescent dyes for various bioimaging techniques. These techniques include positron emission
tomography (PET), magnetic resonance (MR), and near-infrared fluorescence (NIRF). Their primary advantage lies in
their excellent biocompatibility, along with the ease of chelating of metal ions.

Although there have been many studies based on polyphenols in IBD treatment, the clinical transformation of
polyphenol-based nanomedicines still remains great challenges. Investigating polyphenol-based DDSs for IBD treatment
represents a promising and rapidly expanding area. However, there is a stark contrast between the abundant basic
research results and the limited investigations into the clinical applications of these systems. Additionally, the interaction
between polyphenols and proteins in the gastrointestinal environment threatens the effectiveness and safety of poly-
phenol-based nano-drugs. We believe these obstacles will soon be overcome, significantly promoting the application
research of polyphenol-based DDSs in clinical settings.
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