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a b s t r a c t

Inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative colitis, represents a sig-

nificant health challenge due to its intricate interplay of genetic, environmental, and immunological fac-

tors. While current treatments are effective at managing symptoms, they are not without drawbacks, such

as potential side effects, the financial strain on patients, and the risk of complications. Nanotechnology

presents an innovative solution to these challenges, offering the potential to improve the bioavailability,

stability, and precise delivery of natural compounds with potent anti-inflammatory properties. This re-

view examines the array of nanoparticle (NP) delivery systems that are revolutionizing IBD treatment, in-

cluding lipid-based NPs, polymeric NPs, metallic NPs, plant-derived exosomes, and mesoporous silica NPs.

Furthermore, the review explores the various responsive mechanisms of NPs, including pH-responsive,

reactive oxygen species (ROS)-responsive, enzyme-responsive, charge-mediated, ligand-receptor targeted,

and multi-responsive systems. The therapeutic potential of nanomedicines derived from natural products

is highlighted, with a focus on their roles in immunomodulation, reducing inflammation, repairing the

intestinal barrier, and modulating the gut microbiota. Nanotechnology boosts IBD treatment with novel

natural NPs. NPs delivery systems offer notable benefits, such as improving drug solubility, increasing the

efficiency of absorption, alongside providing a controlled and sustained release of therapeutic agents di-

rectly at the inflammation site. Despite the promising capabilities of nanotechnology in IBD treatment,

obstacles remain. These include the necessity for comprehensive toxicological assessments, formulating

strategies to guarantee the safety and effectiveness of these innovative treatments. Therefore, this review

provides a systematic analysis that provides guidance for the research and development of NPs based

natural products.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Inflammatory bowel disease (IBD) is a group of chronic condi-

tions characterized by inflammation in the gastrointestinal tract,

which includes Crohn’s disease and ulcerative colitis (UC). It is

marked by symptoms such as abdominal pain, diarrhea, and

bloody stools. The incidence of IBD has risen markedly in the

21st century, with an estimated 6.8 million people worldwide liv-

ing with the condition in 2017—an 85% increase since 1990 [1].

The exact cause of IBD is not fully understood, but it is thought
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to involve a combination of genetic predisposition, immune sys-

tem dysfunction, and environmental factors. The underlying patho-

genesis is associated with an inappropriate immune response to

the normal gut microbiota in susceptible individuals, leading to

ongoing inflammation and tissue damage within the digestive

tract.

Current therapeutic strategies for IBD are primarily focused

on the induction and maintenance of remission, with a reliance

on treatments such as 5-aminosalicylic acid (5-ASA), corticos-

teroids, immunosuppressants, and biological agents. These ap-

proaches have shown success in managing symptoms and improv-

ing patient quality of life [2]. However, they are not without chal-

lenges, including the potential for relapse and the long-term risks

associated with adverse effects and immunosuppression. The fi-

nancial burden of sustained medical treatment and the risk of
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treatment-related complications further emphasize the need for

novel, cost-effective therapeutic solutions.

A burgeoning interest in harnessing natural compounds as an

adjunct to IBD management has emerged, heralding novel com-

plementary therapeutic avenues. Natural products, derived from

plants, herbs, and other organic sources, have exhibited potent

anti-inflammatory properties, hinting at their capacity to positively

influence the trajectory of IBD. They boast several advantages, in-

cluding cost-effectiveness, a more favorable side effect profile, and

a track record of safe utilization [3]. However, their clinical deploy-

ment is frequently impeded by low bioavailability and chemical la-

bility. There is an acute necessity to bolster the therapeutic impact

of natural products in the treatment of IBD.

Advancements in nanotechnology have yielded efficacious

remedies to these impediments, particularly by augmenting the

bioavailability and precision targeting of natural compounds [4].

Nanoparticle (NP)-based delivery systems stand out as a promis-

ing solution, providing a mechanism to ameliorate the solubil-

ity, stability, and assimilation of natural remedies [5]. Diminish-

ing particle size to the nanoscale escalates surface area, substan-

tially accelerating the dissolution rate and bioavailability of hy-

drophobic medications [6]. Nanotechnology’s malleability further

permits the crafting of carrier systems that can encapsulate and

safeguard natural compounds, with nanocarriers proving pivotal in

shielding these entities from premature degradation in the gas-

trointestinal tract and in instituting a more measured release regi-

men. This fine-tuned management of drug release represents a no-

table advancement, facilitating sustained and directed therapeutic

conveyance. As research advances, the transformative potential of

nanotechnology in the arena of natural medicine is progressively

coming to the fore.

This review endeavors to collate the extant applications of nat-

ural product-driven NP delivery systems within the holistic treat-

ment paradigm of IBD, while also furnishing a reference point for

prospective future therapeutic modalities. The scholarly landscape

has witnessed several reviews on this subject in recent years. For

instance, Sun et al. delineated the pathophysiological microenvi-

ronment of IBD-inflammation sites and distilled the quintessen-

tial nano-therapeutic strategies for IBD via both passive and active

targeting mechanisms inherent in nanotechnology-based nano-

medicines [7]. Moreover, they cast a spotlight on the emergent

prodrug-based therapeutics, encompassing 5-aminosalicylic acid,

and prodrugs conjugated with amino acids and carbohydrates.

Zhang et al. scrutinized the diverse administration pathways and

targeting tactics for nanotherapeutics in IBD treatment, with a pro-

nounced emphasis on nano-therapy approaches predicated on the

distinct pathogenesis of IBD [8]. Li et al. deliberated on the effi-

cacy of synthetic NPs freighted with bioactive constituents sourced

from medicinal plants, such as berberine (BBR), quercetin (QT),

and curcumin (CUR), in IBD management, underscoring the crit-

ical role of extracellular carriers (EVs) in transporting efficacious

active chemical entities from medicinal plants to effectuate IBD

treatment [9]. Zhou et al. offered a comprehensive summary of

the targeting principles underpinning micro/nano delivery systems

for the conveyance of natural products in IBD therapy, elucidating

the synergistic interplay between targeted and responsive release

strategies of these delivery systems and their anti-inflammatory

efficacy within IBD animal models [10]. Yet, in juxtaposition with

these existing articles, the significance and innovation of our re-

view are twofold: it delivers a sweeping and meticulous appraisal,

encapsulating the vast majority of the aforementioned articles’ piv-

otal content, and it provides an exhaustive emphasis on the evolu-

tion of diverse nanocarriers-encompassing polymeric NPs, metallic

and inorganic NPs, and lipid-based NPs—suitable for the carriage of

natural products, alongside an in-depth exploration of the mech-

anisms through which nanotechnology-empowered natural reme-

Fig. 1. The key features of colon-targeted NDDS. NDDS can be modified in various

ways to surmount the hurdles associated with colon-targeted oral drug delivery.

dies ameliorate IBD. Consequently, this review affords readers a

more profound comprehension of the research advancements and

applications of natural product nano-delivery systems in the tar-

geted therapy of IBD, as well as the foundational precepts and ther-

apeutic dynamics of a variety of nano-delivery pharmaceuticals.

2. Classification of NPs

NPs have become widely acknowledged as a highly potent

platform within the spectrum of drug delivery systems (DDSs)

due to their inherent benefits (Fig. 1). These include their small

size, which confers a large surface area to volume ratio, allowing

for effective encapsulation of hydrophilic and hydrophobic drugs

through adsorption or covalent cross-linking. This capability en-

ables the formation of a high local drug concentration within the

carrier [11,12]. Additionally, NPs offer a stable and protective envi-

ronment for drug molecules, shielding them from degradation by

enzymes in the low pH environment of the stomach during drug

delivery. This feature is particularly advantageous for targeted drug

delivery to the inflamed colon, potentially enhancing therapeutic

efficacy and reducing the frequency of administration [13,14]. In

this section, we will discuss various types of NPs, including lipid-

based NPs, polymeric NPs, metallic NPs, plant-derived exosomes,

and mesoporous silica NPs, all of which have been explored for

their potential in IBD treatment. A summary of these NPs, with a

focus on those reported for IBD targeting, including the context of

biocompatibility and risk assessment, is provided in Table S1 (Sup-

porting information).

2.1. Lipid-based NPs

Liposomes, which encapsulate an aqueous core within a lipid

bilayer, are ideal for delivering both hydrophobic and hydrophilic

drugs [15]. They can significantly enhance the solubility and sta-

bility of hydrophobic components of traditional Chinese medicines

(TCM) and prolong their retention time in the body [16]. Solid lipid

NPs (SLNs), composed of lipids that are solid at both room and

body temperatures, offer the advantage of a double-layered mem-

brane structure, facilitating the delivery of both hydrophilic and

lipophilic drugs [17,18]. Compared to liposomes, SLNs exhibit su-

perior stability and a broader range of administration routes [19].

However, they can encounter physical instability during storage

due to changes in lipid crystallinity and polymorphism [20]. To ad-

dress this, Sharma et al. developed a formulation of CUR-loaded

solid binary lipid NPs (SBLNs) for the oral treatment of IBD, which

demonstrated reduced leucocyte infiltration, oxidative stress, and

pro-inflammatory cytokine tumor necrosis factor-alpha (TNF-α) se-

cretion, as well as maintenance of healthy colonic structure in a

dextran sodium sulfate (DSS)-induced colitis model [21]. Further-

more, nanostructured lipid carriers (NLCs) were designed to over-
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Fig. 2. The schematic illustration of liposome, SLNs and NLCs.

come the limitations of SLNs, including their relatively low drug

loading capacity and potential drug expulsion during storage (Fig.

2) [22]. NLCs, composed of a mixture of solid and liquid lipids, en-

hance the water solubility of poorly soluble substances and pro-

long the residence time at the target site [23]. Lertpairod et al.

developed a CUR-loaded NLC formulation that provides sustained

drug release at the site of colonic inflammation for up to 12h, with

the added benefit of CUR stability at room temperature for over 4

months (Fig. S1 in Supporting information) [24].

2.2. Polymer NPs

Polymer NPs are generally composed of amphiphilic polymers,

which mainly consist of amphiphilic molecules with hydrophilic

heads and hydrophobic tails self-assembled in aqueous solution to

form a "core-shell" structure [25]. Polymer NPs can non-covalently

encapsulate hydrophobic drugs in the hydrophobic core of micelles

or covalently attach drugs to polymers, which can be released

when stimulated by external signals, e.g., disintegration of micelles

by changes in the polymer backbone configuration in IBD or in-

duced severance of the linker arms of drug molecules on poly-

mers [26]. Numerous polymeric NPs have been developed, with

poly(lactic-co-glycolic acid) (PLGA) and chitosan (CS) predominat-

ing in particular.

2.2.1. PLGA

PLGA is formed by the random polymerisation of two

monomers, lactic acid and hydroxyacetic acid, and is a biodegrad-

able functional polymer organic compound with many properties

including simple synthesis, biodegradability, high safety, stability,

and ease of modification, etc., and has been used in drug and

protein/gene delivery applications due to its slow-release prop-

erties [27]. Feng et al. investigated a NP PLGA-RMP with Ramu-

lus mori polysaccharide (RMP) encapsulated in PLGA, which pro-

moted the expression of anti-inflammatory cytokines and the pro-

duction of short-chain fatty acids (SCFAs) and attenuated the ac-

cumulation of pro-inflammatory cytokines in colitis showed a sig-

nificant therapeutic effect on a mouse model of colitis [28]. Since

PLGA gives the nanocarrier a good water solubility and stability,

helping the nanocarrier escape the phagocytosis of the reticuloen-

dothelial system to increase the circulation time. Zhou et al. used

PLGA and PLGA-PEG-MAL loaded andrographolide (AG)/CORM-2 to

form AG/CORM-2@NP and AG/CORM-2@NP-Dex (linked with dex-

tran (Dex) via a thiolmaleimide click chemistry reaction to im-

prove the active targeting ability) (Fig. S2 in Supporting informa-

tion), for synergistically anti-inflammatory/pro-resolving treatment

of UC, which down-regulated the expression of pro-inflammatory

cytokines and reduced myeloperoxidase (MPO) activity in DSS in-

duced colitis model [29].

2.2.2. CS

Chitin is one of the most abundant natural amino polysaccha-

rides obtained from the components of cell walls in fungi, certain

hard structures in invertebrates and fish. CS was obtained by al-

kaline hydrolysis of chitin, which is a natural linear polysaccharide

cationic and hydrophilic polymer [30]. Due to its simple prepara-

tion and abundant sources, it is now frequently used as a non-

toxic, biocompatible, and biodegradable novel carrier for drug de-

livery. Positively charged amino groups (-NH3
+) on the surface of

CS NPs can specifically interact with negatively charged mucosal

surfaces at the site of colonic inflammation to achieve prolonged

drug release and enhanced colonic drug absorption. However, CS

breaks down so readily at gastric acid pH that the drug is released

in large quantities before it reaches the colonic site, often made

with alginate or other molecules into NPs that are stable under

acidic conditions for targeted release in the gut [31]. Sodium al-

ginate (SA) was incorporated into CS NPs by Sun et al. to obtain

a type of SA-CS NPs with enhanced ability to penetrate the mucus

layer of the colon while loaded with the TCM berberine hydrochlo-

ride (BH) for oral treatment of UC [32]. Therapeutic effectiveness

demonstrated that in DSS-induced colitis rats, BH-SA-CS NPs could

not only alleviate colonic injury, but also improve the immunologic

function. To avoid QT be absorbed in the stomach and small intes-

tine, Khater et al. assembled QT and CS NPs as QT-NPs, which al-

leviate inflammation and oxidative stress by controlling tight junc-

tion (TJ)-related genes and redox imbalance and inflammation in

DSS-induced colitis rats [33].

2.2.3. Hydrogel NPs (HN)

HN are another kind of polymeric NPs with the diameters of

1–1000nm [34], which created by chemically or physically con-

nected swellable polymer networks and water is their main dis-

persion medium [34,35]. Interestingly, different physical, chemical

and biological signals can easily and precisely manipulate the for-

mation, degradation, multiscale shape, architecture and functions

of HN [36]. Of note, HN have been studied extensively and utilized

for several biomedical applications, offering strengths like benign

biocompatibility, active ingredient protection highly structural des-

ignability, enhanced bioavailability [37,38]. A combination of CUR-

loaded carboxymethyl CS (CC) microspheres and hyaluronic acid

(HA) and gelatin (GE) hydrogels (HA-GE) was designed as a com-

posite DDS, which associated the drug protection effect of CC with

the intelligent release action of HA-GE, enhances the therapeutic

effect of CUR in colon site so as to improve the bioavailability of

CUR [39].

2.3. Metallic NPs

Metallic NPs are a special and valuable class of promising nano-

materials for biomedical applications, which mainly refer to gold

and silver NPs [40]. Gold is known for inhibiting the secondary re-

sponse in terms of both the production of inflammatory and anti-

inflammatory factors [41], while silver has been widely used due

to its antimicrobial properties [42]. Due to their biocompatibility,

controllable size, shape, and charge, as well as versatile surface

modifications [43,44], metallic NPs are widely employed in sev-

eral fields, ranging from diagnostic and therapeutic applications to

colon-targeted DDSs [45–47]. Compared with the other NPs, metal-

lic NPs can easily be taken up by cells according to the high den-

sity [48]. Considering the anti-inflammatory properties of CUR and

the ability to suppress microbial activity and promote wound heal-

ing that silver has, Piotrowska et al. combined CUR and silver to

synergistically enhance their activity. The result providing the in-

formation that with the combination of CUR and silver can not

only decreased colon damage in DSS-induced mouse model of coli-

tis via increasing the bioavailability of CUR, but also minimized the

toxic effects of silver NPs [49]. A type of silver NPs derived from

blackcurrant was developed, which are able to alleviated colitis by

a decreased MPO activity in DSS-induced mouse model of colitis,

indicating it is a reasonable way of silver NPs to be used in IBD

treatment [50].

3
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2.4. Exosome

Exosomes are membrane vesicles secreted from a variety of cell

types and are found in a wide range of biological fluids, includ-

ing blood, urine, saliva, and amniotic fluid [51]. Exosomes have a

variety of biological functions such as intercellular communication,

but recent studies have found that exosomes can cross the blood-

brain barrier and be used as targeted drug delivery vectors, a find-

ing that has attracted significant attention because exosomes are

less immunogenic than liposomes and viral-based DDSs [52,53].

For example, exosome-based CUR nanovesicles have been shown

to improve the stability and solubility of CUR through physical

embedding [54]. Zhu et al. demonstrated that Portulaca oleracea

l-derived exosome-like NPs (PELNs) shows excellent stability and

safety within the gastrointestinal tract of DSS-induced C57 mice

while displaying a significant targeting to inflamed colon sites [55].

Moreover, Ginseng-derived exosome-like NPs (GENs) can modulate

the intestinal microbiota and immune microenvironment, and are

considered as an effective approach in UC therapy [56].

2.5. Mesoporous silica NPs (MSNs)

MSNs have high porosity and specific surface area, which can

achieve high drug loading and controlled drug release [57]. They

can be modified with functional molecules to form pH, tempera-

ture, redox, and enzyme-sensitive MSNs [58]. In recent years, func-

tionalized MSNs have attracted much attention. Organofunctional-

ized silica formed by introducing a series of targeting components

into the framework can improve drug utilization and enhance

biodegradation compared to ordinary MSNs. Jiang et al. prepared

an oral delivery vehicle of tetrasulphide-containing organosilica

NPs (DSMSNs) encapsulated by resveratrol (Res) functionalized by

the targeting component CS, loaded with Res (Fig. S3 in Sup-

porting information). In inflammatory environments, tetrasulfide-

containing (S-S-S-S) MONs break down in response to GSH specifi-

cally, which enables rapid disassembly of DSMSNs and efficient re-

lease of Res, indicating that the recovery of gut microbial diversity

in the colitis model to mitigate colonic inflammation, in order to

achieve therapeutic effects in UC [59].

3. Classification of responsive mechanisms

With the development of nanotechnology in recent years, more

and more response mechanisms have been explored. Due to the di-

versity of the structure and composition of nanomaterials and the

advantages of easy functional modification, we can design stimuli-

responsive nanomaterials to achieve responsive targeted release

of drugs based on some special physicochemical characteristics of

the lesion site [60]. Some studies have shown that the design

of stimuli-responsive nanomedicine carriers based on the patho-

physiological changes of IBD can effectively avoid the premature

release of the drug, and greatly reduce the toxic side effects of

drug leakage prematurely in the transport process [61]. Therefore,

in this part we summarized the most common response mech-

anisms, including trigger-release (pH-responsive, reactive oxy-

gen species (ROS)-responsive and enzyme-responsive), charge-

mediated, ligand-receptor targeted as well as multi-responsive

mechanisms. The characteristics of these mechanisms are shown

in Table S2 (Supporting information).

3.1. Trigger-release mechanisms

3.1.1. pH-responsive

Due to the varying pH values across the gastrointestinal tract,

targeted mechanisms can be designed for specific regions. Under

normal physiological conditions, the pH in the stomach is 1.2, the

pH in the small intestine is 6.5–7.5, and the pH in the colon ranges

from 6 to 8.6. In inflammatory environments, the colonic pH (2.3–

5.5) of patients with IBD is lower than that of normal conditions

[62]. The method of targeting the colon involves coating a pH-

dependent polymer onto a carrier to protect the drug from degra-

dation in the stomach, ensuring the delivery of the drug to a spe-

cific area of the colon. Most pH-sensitive carriers are very safe

and can quickly dissolve or expand at specific pH values, promot-

ing drug release and absorption in specific areas [63]. Jacob et

al. designed the formulation of pH-sensitive biodegradable garci-

nol (GAR)-loaded PLGA coated with Eudragit R© S100 (GAR-PLGA-

ES100 NPs) by using a solvent evaporation technique [64]. In vitro

drug release studies, they dissolved NPs in solutions of different

pH values, simulating the stomach (pH 1.2), small intestine (pH

5.6), and large intestine (pH 7.4), respectively. The results showed

that GAR from GAR-PLGA-ES100 NPs was released the most at pH

7.4 compared with pH 1.2 and 5.6 and able to withstand drug re-

lease at an acidic pH resembling the stomach and small intestine.

Gugulothu et al. formulated Eudragit R© S100 NPs loaded with CUR-

celecoxib combination (Cur-CelNPs) [65]. This polymer dissolves at

the pH 7.0 by ionization of its carboxylic functional group and thus

has been used for targeting drugs to the colonic region of gas-

trointestinal tract. In the 2,4,6-trinitrobenzenesulfonic acid (TNBS)-

induced UC rat experiment, Cur-CelNPs significantly reduced the

levels of MPO and lactoperoxidase (LPO) in the colon of rats, and

increased the levels of SOD. Moreover, Cur-CelNPs were found to

be more effective than the suspension of the drugs, indicating the

potential of pH-sensitive NPs for treating UC. Like most carriers,

although these can effectively prevent drug release in the stom-

ach and small intestine to ensure delivery to the colon, they still

cannot achieve precise release of weak acid environment in the in-

testines of IBD patients. Zhang et al. coated two pH-sensitive ma-

terials, Eudragit R© EPO and L100, on nanoscale CUR to fabricate

core-shell NPs (CNs@EPO@L100) [66]. Solutions with pH 1.2, 6.8,

and 3.0 were used to simulate the environment of the stomach,

small intestine, and inflamed colon, respectively. Due to the dual

protection of L100 slowing down the dissolution of pH 1.2 and

EPO slowing down the dissolution of pH 6.8, the NPs can ulti-

mately be released in large quantities to the inflamed colon (pH

3.0). In the DSS-induced UC mice experiment, CNs@EPO@L100 also

showed good therapeutic effects (Fig. S4a in Supporting informa-

tion). However, the pH of the colon in IBD patients may vary due

to inherent inter individual/intra individual variations, disease sta-

tus, and feeding conditions. Therefore, pH-response based solely on

gastrointestinal pH is not reliable in colon targeted therapy.

3.1.2. ROS-responsive

ROS are a class of oxygen-derived chemicals produced by the

human body, which play an important role in the pathological and

physiological processes of various gastrointestinal diseases, includ-

ing IBD. Under normal physiological conditions, there is a steady-

state balance between the production of ROS and the removal of

endogenous antioxidant scavenging compounds. The intestinal mu-

cosa of IBD patients is characterized by severe disorders of antiox-

idants and the overproduction of ROS, leading to oxidative stress

and mucosal injury [67]. Overproduction of ROS is also a direct

causative agent for dysregulated signal transduction, inflammatory

response and DNA damage. By utilizing the pathological condi-

tions of IBD, the ROS-responsive mechanism has become an area

of interest in improving targeted drug delivery strategies in the in-

flammatory intestinal region. Zhao et al. covalently linked modi-

fied BBR derivatives with o-diphenol structure via aryl borate es-

ters as a responsive connector to CC to form OC-B-BBR nano mi-

celles. The borate bond was broken under excess ROS conditions

to release BBR molecules, thereby enabling effective delivery of

4
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the encapsulated BBR to the site of inflammation. In an experi-

ment of DSS-induced mice, the effective release of drugs under ox-

idative stress microenvironment promotes the downregulation of

interleukin-6 (IL-6) expression levels in the system, reshapes the

gut microbiota, and significantly alleviates symptoms of colitis and

colon injury [68]. Luteolin (LUT) is a natural antioxidant with ef-

fective free radical scavenging and cell protective properties [69].

Unfortunately, like most flavonoids, LUT is easily oxidized and de-

graded due to its highly unsaturated structure, and is limited by its

poor water solubility, low bioavailability, and short half-life. Tan et

al. developed ROS-responsive NPs as an efficacious nanomedicine

against UC with oral administration. The NPs were fabricated with

a d-α-tocopherol polyethylene glycol succinate-b-poly(β-thioester)

copolymer (TPGS-PBTE) for ROS cleavage via the colitis-targeted

delivery of LUT. Due to the oxidation of the thioether bond in the

main chain of the copolymer by reactive oxygen species, it induces

a hydrophilic-to-hydrophobic transition, leading to the hydrolysis

and release of LUT [70]. With the help of the delivery system, LUT

is effectively delivered and released in the ROS-rich colonic re-

gions through carrier degradation. In a DSS-induced acute colitis

murine model, LUT@TPGS-PBTE NPs alleviated body weight loss,

colon length shortening, and damage to the colonic tissues due to

the suppression of ROS and pro-inflammatory cytokines such as IL-

17A, IL-6, interferon-gamma (IFN-γ ) and TNF-α, as well as upreg-

ulation of anti-inflammatory factors including IL-10 and IL-4. More

importantly, LUT@TPGS-PBTE NPs regulated the inflammatory mi-

croenvironment by modulating the T helper cell type 1/T helper

cell type 2 (Th1/Th2) and T helper cell type 17/regulatory T cell

(Th17/Treg) balance, thus resolving inflammation and accelerating

the healing of the intestinal mucosa (Fig. S4b in Supporting infor-

mation). However, the clinical application of ROS-responsive sys-

tems should consider some obstacles, such as cytotoxicity, stability,

and biocompatibility issues.

3.1.3. Enzyme-responsive

Enzymes play a crucial role in life activities. Therefore, enzymes

are selective targets for drug development and treatment. During

the pathogenesis of IBD, the intestinal flora in the colon can secrete

several carbohydrate-active and reductive metabolic enzymes such

as β-glucosidase, cellulase, nitrogenase reductase and nitroreduc-

tase [71]. Therefore, most researchers use these enzymes as activa-

tion triggers for the release of smart DDSs at the site of lesion area.

In addition, some polymer materials, such as CS, cyclodextrin (CD),

and pectin, can resist enzymatic degradation in the upper digestive

tract, which are degraded by these specific enzymes. Li et al. suc-

cessfully prepared core-shell NPs using enteric enzymes as triggers

in the controlled-release system by selecting β-CD as a carrier for

CUR. CD can open the ring in response to microbial fermentation

and enzymatic degradation of the colon, followed by hydrolysis of

the ester bond, and the drug is released in the colon to promote

colonic epithelial barrier integrity and modulate inflammatory cy-

tokine production, remodelling the gut microbiota in DSS-induced

colitis mice (Fig. S4c in Supporting information) [72]. Castangia et

al. investigated the enzyme-sensitive complex of CS/nutriose poly-

mer. QT-loaded polyethylene glycol vesicles were coated with CS

and the nutriose was added to the CS [73]. The CS-nutriose com-

plex was susceptible to enzymatic degradation in the colon and

could release the QT. In the in vivo experiment of TNBS-induced

colitis in mice, this complex can significantly reduce MPO and ex-

ert local anti-inflammatory effects. However, it is crucial to eval-

uate whether NPs can successfully and specifically release drugs

in complex colon environments and variable enzymes between in-

dividuals. In addition, under disease conditions, the gastrointesti-

nal transport time is relatively short, and the ability of enzymes to

fully catalyze reactions is also a challenge.

3.2. Charge-mediated mechanism

In the affected area of the intestine of IBD patients, the mucosal

components of colon mucins contain negatively charged carbohy-

drate. Therefore, the charged surface of inflammatory tissue can be

specifically targeted by NPs with opposite charges through electro-

static interactions (i.e., cationic NPs). Studies have shown that en-

capsulating model proteins in bioadhesive N,N,N-trimethylchitosan

chloride (TMC) NPs results in a positively charged particle surface

due to protonated methyl groups, thus exhibiting good targeting

ability towards negative mucins in the intestinal mucosa [74].

Oppositely, some positively charged proteins are also synthe-

sized in large quantities in the affected colon of IBD, such as trans-

ferrin and eosinophil cationic protein [75]. Jubeh et al. studied the

adhesion properties of charged liposomes to the healthy and in-

flamed rat intestinal epithelium [76]. The results have shown that

negatively charged NPs can preferentially adhere to these cationic

proteins in a rat colitis model, with negatively charged liposomes

accumulate more in the inflammatory region than the cationic li-

posomal NPs.

In summary, studies have shown that NPs with different

charges provide a method of good interaction with the affected

colon and target drug delivery to the affected colon through elec-

trostatic interactions. However, unnecessary electrostatic interac-

tions remain problematic between these systems. For example,

charged NPs may interact with negatively charged gastrointestinal

components such as soluble mucins and bile acids [61].

3.3. Ligand-receptor targeted mechanism

During the pathogenesis of IBD, many specific antigens and re-

ceptors are overexpressed by intestinal epithelial cells (IEC) and ac-

tivated macrophages, such as CD44, mannose receptor (MR), folate

receptor (FR) and transferrin receptor (TfR). In general, targeting

the diseased site through ligand-receptors can promote the accu-

mulation of drugs and reduce drug depletion in normal tissues.

Therefore, this targeting strategy can not only improve the thera-

peutic effect, but also reduce the occurrence of adverse events [13].

Therefore, ligand-mediated DDSs have been widely used in IBD

therapy. Ye et al. prepared a sea salt polysaccharide laminarin (LA)-

coated, folic acid (FA)-modified lactoferrin (LF)-NPs (LA/FA/CUR-

NPs) for the delivery of the anti-inflammatory drug CUR. FA binds

specifically to FA receptors (FR), and LF, a glycoprotein transferrin

that binds mammalian cationic iron, can bind to LF receptors (LFR).

Sea salt polysaccharide LA can effectively resist the destruction of

NPs by the extreme acidic pH gastric environment, thus ensuring

that it can precisely target macrophages with folate receptors and

epithelial cells with transferrin receptors to alleviate inflammation,

accelerate the repair of the colonic mucosal barrier and restore the

balance of the intestinal flora to alleviate the symptoms of coli-

tis (Fig. S4d in Supporting information) [77]. Konjac glucomannan

(KGM) is not digested by digestive enzymes in the human upper

gastrointestinal tract but can be specifically degraded by colonic

β-mannanase present in the colon [78]. Wang et al. found that

KGM with an acetylated structure can specifically bind to MRs that

are abundantly expressed on macrophages, and thus encapsulated

CUR in acetylated KGM (AceKGM) NPs to prepare a cell-containing

NP that can adhere to inflammatory macrophages to Cur-AceKGM

NPs, which effectively prolonged the release of CUR in the colon

and improved the bioavailability of CUR [79]. The ligand-receptor-

targeted mechanism shows great potential, and more natural prod-

ucts are waiting to be applied to treat IBD.

3.4. Multi responsive mechanism

Currently, more and more response mechanisms are being thor-

oughly studied. However, it seems that each mechanism has some
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limitations, which cannot be separated from instability. Therefore,

in order to reduce such problems, some multi responsive mecha-

nisms have been developed to improve the treatment of IBD such

as pH/ROS, pH/charge/enzyme sensitive NPs. Naeem et al. used

coumarin-6 (C-6) as the model drug and prepared new NPs us-

ing a polymer mixture of enzyme-sensitive azo polyurethane and

pH sensitive ES100-azo-polyurethane (ES-Azo.pu), which can en-

sure that particles are not released in the stomach and small in-

testine and azoreductase in IBD colon undergoes enzymatic reac-

tion with azo groups in NPs, causing surface looseness and par-

ticle release (Fig. S4e in Supporting information) [80]. In vivo lo-

calization study in the rat gastrointestinal tract demonstrated that

ES-Azo.pu NPs were selectively distributed in the inflamed colon,

showing 5.5-fold higher C-6 than ES NPs. Li et al. developed a hi-

erarchical structured vehicle (AP@PSi-HA@HPMCAS) based on HA

functionalized PSi NPs (PSi-HA), ascorbyl palmitate (AP) and hy-

droxypropyl methylcellulose acetate succinate (HPMCAS) [81]. pH-

responsive HPMCAS matrix will prevent premature drug release

from AP@PSi-HA NPs in the GI tract until they reach or are close

to the inflamed sites of intestine. After the dissolution of HPMCAS,

negatively charged AP@PSi-HA NPs will then selectively bind to the

inflamed sites of intestine by electrostatic adhesion, and then grad-

ually release drug in response to inflammation due to the enzyme-

labile bonds of AP. In summary, multi responsive mechanisms have

better performance compared with single response mechanisms.

Nevertheless, more stable and sensitive response mechanisms are

waiting to be developed, and a large number of clinical trials are

needed to prove their efficacy.

4. Natural product-based nanomedicines treat IBD through

different therapeutic mechanisms

The pathogenesis of IBD is multifactorial, involving genetic sus-

ceptibility, immune dysregulation, and environmental factors. A

key player in this complex interplay is the gut microbiota, which,

when disrupted, can lead to an overactive immune response and

subsequent inflammation. In this section, we explore the various

mechanisms through which natural product-based nanomedicines

address IBD, including immune response suppression, intestinal

mucosal barrier protection, and gut microbiota regulation. We elu-

cidate how these targeted approaches leverage the unique proper-

ties of natural products to confer their benefits and achieve ther-

apeutic outcomes. Table S3 (Supporting information) consolidates

studies on the use of such nanocarriers for IBD treatment by sup-

pressing immune response, repairing intestinal barriers, and regu-

lating gut microbes.

4.1. Suppressing immune responses

IBD is widely acknowledged to arise from abnormal immune re-

action to microorganisms, particularly in those with a genetic pre-

disposition. The chronic inflammation observed in IBD is closely

linked to an overactive and imbalanced immune system. Current

clinical treatments for IBD are primarily designed to suppress these

immune responses. The immune response involves various com-

ponents, including both innate (dendritic cells, macrophages, neu-

trophils, natural killer cells) and adaptive (T and B cells) immune

cells, as well as the cytokines they secrete, which are instrumen-

tal in driving inflammatory pathways [82,83]. An imbalance in the

immune response, due to disruptions in either innate or adaptive

immunity, results in intestinal inflammation. This deregulated im-

mune response leads to an imbalance in the production of pro-

and anti-inflammatory cytokines, which cause further damage to

TJ function, epithelial cell survival, and potentially the gut micro-

biota balance. Research has demonstrated that natural products en-

capsulated in NPs can navigate the biological and physicochemical

barriers of the gastrointestinal tract, such as varying pH levels and

enzymatic activity, to modulate immune cell recruitment and exert

anti-inflammatory effects [84]. Moreover, these nanomedicines can

regulate immune responses by controlling the levels of pro- and

anti-inflammatory cytokines and by modulating signaling path-

ways.

Regulation of immune cell recruitment is a critical aspect of

immune response activation. Macrophages, in particular, have a

dual role in intestinal homeostasis and can polarize into either a

pro-inflammatory M1 subtype or an anti-inflammatory M2 sub-

type [85]. M1 macrophages exacerbate intestinal injury by produc-

ing inflammatory cytokines, while M2 macrophages release anti-

inflammatory cytokines to suppress immune responses. The infil-

tration of neutrophils is also indicative of IBD severity [86]. Natu-

ral products, such as those found in ginger, have shown promise

in modulating these processes. For instance, Zhang et al. designed

a pH-sensitive HA/GE composite hydrogel (CUR@gels) oral DDS

containing CC microspheres loaded with CUR, which has been

shown to reduce neutrophil infiltration and macrophage infiltra-

tion, thereby suppressing immune cell recruitment in colitis [39].

Supramolecular NPs, like those loading natural products, have

demonstrated stability and targeting efficacy to macrophages, reg-

ulating pro- and anti-inflammatory factors and promoting M2

macrophage polarization. Han et al. devised a "supramolecular CUR

NPs with pH/ROS sensitive and multistage therapeutic effects" in

"advanced yeast particles" (d-mannose (Man)-CUR NYPs) delivery

system, which not only showed strong stability in the complex

gastrointestinal environment, but also demonstrated excellent tar-

geting ability to macrophages (Fig. S5a in Supporting information)

[87].

Similarly, Zhang et al. developed a CS-modified PLGA copolymer

NP (CS-PLGA NP) system for co-delivery of patchouli alcohol (PA)

and simvastatin (SV) to inflamed colonic epithelial cells to alleviate

the symptoms of ulcerative colitis by remodeling the immune mi-

croenvironment, inhibiting fibroblast activation by repolarizing M2,

and reducing neutrophil infiltration (Fig. S5b in Supporting infor-

mation) [88]. Modulating the expression of inflammatory cytokines

and signal transduction pathways is another therapeutic approach

to target IBD. QT, a flavonoid found in various foods, has been en-

capsulated in silk fibroin NPs to enhance its stability and bioavail-

ability, effectively reducing pro-inflammatory cytokine expression

(TNF-α, IL-1β , and IL-6) [89]. Local drug administration can maxi-

mize treatment efficacy, and enemas show promise in this regard.

Rutin, another flavonoid, when contained in a hydrogel system for

targeted delivery by enema administration, significantly inhibited

overexpressed inflammatory cytokines TNF-α and IL-6 in a mouse

model of colitis, showing improved therapeutic efficacy (Fig. S5c in

Supporting information) [90].

Nanocarriers loaded with natural products have been widely

recognized as novel DDSs. The current research shows that nano-

materials not only play the role of delivering drugs to target in-

flammatory sites, but also have anti-inflammatory effects and the

function of regulating the immune microenvironment [91]. For the

therapeutic drugs for IBD that have been used in clinical prac-

tice, nanomaterials can prolong the circulation period and reduce

the side effects of clinical drugs by improving drug encapsula-

tion efficiency and targeted drug delivery. The application of nan-

otechnology improves the hydrophobic properties of some natu-

ral products with anti-inflammatory components, which exert anti-

inflammatory effects by affecting inflammatory pathways and reg-

ulating inflammatory cells or inflammatory factors.

4.2. Repairing the intestinal barrier

The intestinal barrier, comprised of a monolayer of epithelial

cells and various other cell types, plays a crucial role in innate
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immunity [92,93]. TJs are integral to this barrier, maintaining the

selective permeability of the gut and preventing the passage of

harmful substances. Disruption of the intestinal barrier is intri-

cately connected to the development of IBD, with the loss of TJ

proteins leading to leakage and subsequent immune system activa-

tion. Restoration of the epithelial barrier is thus a significant ther-

apeutic goal for IBD treatment [94,95].

To date, nanomedicines have been developed to enhance drug

delivery to the intestinal epithelium and overcome the biolog-

ical and physicochemical barriers of the gastrointestinal tract.

Rhein (RH), a natural anthraquinone compound, has been shown

to modulate inflammatory pathways and repair intestinal barrier

damage by upregulating TJ proteins. The use of pH/ROS-sensitive

polysaccharide-based NPs loaded with RH has demonstrated sig-

nificant repair of the colonic mucosal barrier by up-regulating the

expression of TJ proteins including ZO-1, claudin-1 and occludin in

vivo, as depicted in Fig. S5d (Supporting information) [96].

To specifically target diseased colonic tissue, active target-

ing strategies against colonic epithelial cells have been explored.

LA-coated, FA-modified LF NPs were used to encapsulate CUR

(LA/FA/CUR-NPs) with a food grade, enzyme-sensitive, and dual-

targeting capability. LA/FA/CUR-NPs were able to specifically tar-

get colonic epithelial cells and macrophages via LF and FA ligands,

respectively, to enhance uptake efficiency. In DSS-induced colitis

mouse model, orally administered LA/FA/CUR-NPs regulate the ex-

pression of TJ proteins (ZO-1, occludin, and claudin-1) and enhance

the repairing effect of CUR on intestinal injury by targeting colonic

epithelial cells in a UC mouse model [77].

Shikonin (SK) is an active ingredient extracted from the tradi-

tional Chinese herb "Zicao" (Lithospermum erythrorhizon), which is

known to inhibit inflammation, regulate immunity, and promote

wound healing [97]. Feng et al. used HA, CS, and pH-responsive

polymer ES100 to design SK-loaded ES100/HA/CS NPs (SK@SAC),

which has pH-sensitive, CD44 receptor-targeting properties that al-

low access to CD44 receptor-mediated macrophages, protects the

intestinal barrier by enhancing the expression of intestinal epithe-

lial TJ proteins ZO-1 and occludin In TNBS-induced IBD mice (Fig.

S5e in Supporting information) [98]. As the dominant herbal drink

consumed worldwide, black tea exhibits various health promot-

ing benefits including amelioration of IBD. Several studies have

found that black tea and its derivatives, such as tea polyphenols,

polysaccharides, and prebiotics, significantly increase expression of

TJ proteins to alleviate colitis in mice [99]. The rich content of am-

phiphilic molecules in tea infusion facilitates the self-assembly of

colloidal particles. It was found that black tea NPs formed by the

self-assembly of the main components of black tea have the ef-

fect of restoring colon epithelial cell connectivity, inhibit mucosal

inflammation, and mitigate UC [100].

Generally speaking, these studies show that nano-drugs loaded

with natural products can play an important role in the treatment

of IBD by repairing the intestinal barrier, which not only provides

a new perspective for the treatment of IBD, but also reveals the

great potential of natural products in the nano-DDS (NDDS).

4.3. Regulating gut microbiota

The gut microbiota forms an additional barrier in the mucus

layer and is integral to the innate immune system’s maturation

and function [101]. SCFAs produced by the microbiota have anti-

inflammatory properties. Dysregulation of the gut microbiota can

lead to decreased SCFA levels, increased mucosal permeability, and

immune system stimulation [102,103]. The gut microbiota’s role in

intestinal homeostasis is increasingly recognized, and nanocarriers

loaded with natural products are seen as beneficial in regulating

the gut microbiota in IBD.

As probiotic stimulator, prebiotics can promote the reproduc-

tion of probiotics and improve the functions of intestinal flora.

By integrating nanotechnology, prebiotics offer a promising av-

enue for targeted intervention at inflammatory sites with anti-

inflammatory, antiviral, and antibiotic-sparing benefits [104]. For

example, an oral drug containing a prebiotically active Phellinus ig-

niarius polysaccharide (PIP), and CS-modified PLGA nanodrug (CS-

PIPP) that increased the content of SCFAs and positively regulated

intestinal flora (Fig. S5f in Supporting information) [105]. RMP, an-

other prebiotic, has been shown to have similar therapeutic effects

when encapsulated in PLGA NPs. TCM, such as BBR, is a commonly

utilized isoquinoline alkaloid for its anti-diarrhoeal properties [28].

Zhao et al. developed nanomicelles containing CC that encapsu-

lated berberine (OC-B-BBR). OC-B-BBR significantly inhibited colitis

by improving intestinal microbial dysbiosis. It also enhanced carbo-

hydrate digestion and absorption, sugar metabolism, gluconeogen-

esis, and amino acid metabolism by increasing the abundance of

beneficial bacteria and reducing the abundance of harmful bacte-

ria (Fig. S5g in Supporting information) [68].

The gut microbiome’s metabolic state and its impact on the

host at various levels are areas that require further understand-

ing. In the fields of other diseases, nanodrugs developed target-

ing metabolic mechanisms have received extensive attention [106].

Modulating the gut microbiota with nano-drugs loaded with nat-

ural products offers a modern therapeutic approach for IBD and

other inflammatory diseases, with the potential for the microbiome

to be a key target in future IBD therapies.

5. Conclusion and perspectives

In recent years, the rapidly expanding realm of nanotechnology

has unveiled innovative horizons within the therapeutic domain

of IBD. Therapies utilizing nanotechnology, tailored to the varied

pathogenesis of IBD, have piqued interest due to their significant

potential across a spectrum of IBD applications. The NPs sourced

from botanical elements such as roots, stems, and leaves have no-

tably increased in contemporary medical practices, notably within

biopharmaceuticals. Capitalizing on the distinctive attributes of

NPs, these platforms have illustrated their capacity to augment

the bioavailability, stability, and precision targeting of natural com-

pounds. This enhancement not only amplifies therapeutic potency

but also mitigates systemic adverse effects. Moreover, an accumu-

lating body of evidence suggests that nanomedicines derived from

natural products are adept at alleviating intestinal inflammation.

They achieve this by modulating immune responses, restoring the

integrity of the colonic mucosal barrier, and rebalancing the in-

testinal microbiota.

Despite the substantial advancements in this sector, a number

of scientific hurdles and pivotal technical concerns persist, posing

potential impediments to the broader adoption and tangible clini-

cal deployment of IBD nanomedicines. Prospectively, the trajectory

towards clinical realization of these nanotherapies is interspersed

with opportunities and challenges. The innovation of multifunc-

tional NPs, capable of responding to diverse stimuli within the IBD

microenvironment, presents an enthralling frontier. Such intelligent

systems could facilitate a more bespoke and accurate therapeutic

strategy. They are designed to deliver their therapeutic cargo ex-

clusively at the inflammatory focus, thereby reducing collateral im-

pact on healthy tissues [107].

Nevertheless, the transition from laboratory discovery to clini-

cal application is replete with regulatory and safety considerations.

The heterogeneity of nanomaterial components and their propen-

sity for accumulation in off-target tissues may engender unpre-

dictable or deleterious biological consequences. These may range

from immunostimulatory or immunosuppressive effects to adverse

side effects such as inflammation or even toxicity. Consequently, a
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rigorous regimen of preclinical and clinical trials is indispensable

for a successful clinical transition, aiming to affirm the safety pro-

file of these innovative therapeutic entities.

Additionally, refining the manufacturing processes to guarantee

scalability, reproducibility, and economic viability represents a piv-

otal phase in the translational journey. Crafting robust production

methodologies that can withstand the rigorous regulatory stan-

dards for pharmaceuticals is an intricate endeavor. Equally signif-

icant is an appraisal of the economic ramifications of these treat-

ments, given the considerable financial strain they may impose on

patients and healthcare infrastructure.

To encapsulate, the potential of nanotechnology in revolution-

izing IBD treatment is self-evident. However, the route to clini-

cal utilization is convoluted and necessitates a synergistic effort

from diverse scientific and medical disciplines. As our compre-

hension of the complexities surrounding IBD etiology and NP bi-

ology deepens, the vista for transformative therapies emerges—a

prospect that promises to markedly elevate the living standards

for those afflicted by this debilitating ailment. The amalgamation

of nanotechnology with natural therapeutics epitomizes a com-

plementary strategy that could potentially reconfigure the bench-

marks of IBD management. This holds the promise of an era where

efficacious, secure, and cost-effective treatments become an acces-

sible reality.
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