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Pathophysiology of IBD as a Key Strategy for Polymeric
Nanoparticle Development

Elena Gardey,* Johannes C. Brendel, and Andreas Stallmach

Inflammatory bowel disease (IBD) is a complex chronic inflammatory disorder
of the gastrointestinal (GI) tract with an uncertain etiology. Currently, IBD
therapy relies on the induction of clinical remission followed by maintenance
therapy using anti-inflammatory drugs and immunosuppressants; however, a
definite cure of the disease is still out of scope. Established approaches are
characterized by adverse drug-related side effects that can even be potentially
life-threatening. In contrast, increased interest and remarkable scientific
progress in targeted drug delivery systems offer a promising approach to
reduce systemic adverse events, delivering the therapeutic substances only to
inflamed tissue. All alteration in gastrointestinal barrier integrity, especially a
disturbed epithelial barrier, a unique pattern of the receptors on cell surface
and/or an oxidative stress milieu in inflamed areas can be used as effective
approaches for targeted and controlled drug delivery. Hence, this review
focuses on the pathophysiology of the inflamed GI tract as a potential strategy
for targeted polymeric nanoparticles for IBD treatment. Interdisciplinary
efforts between the polymeric chemistry and gastroenterology/immunology
promise to create novel synergies that improve the development of effective
nanoparticle systems with significant clinical impact. In this regard, the
current challenges in the clinical translation of promising nanomedicine are
also discussed.
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1. Introduction

1.1. Established Strategies in IBD Treatment

Inflammatory bowel diseases (IBD), in-
cluding Crohn’s disease (CD) and ulcer-
ative colitis (UC), are chronic inflamma-
tory disorders that dramatically change the
lives of millions of patients.[1,2] CD is char-
acterized by a transmural inflammation
from the mouth to the anus, while UC
is a chronic inflammation of the colorec-
tal mucosa.[3,4] While the etiology of IBD
is still unknown, genetic predispositions,
microbiome–host interactions, or the envi-
ronment play an important role in its mul-
tifunctional pathogenesis.[5,6] There are a
number of treatment strategies currently
available for IBD patients. These depend
on several factors, including the severity
of CD or UC, associated diseases, previ-
ous treatment, age, and treatment aim.[3]

The focus of IBD treatment is to inhibit
the immune-inflammatory cascade and to
induce and maintain clinical remission.
Management of IBD treatment includes

aminosalicylates (mesalamine, balsalazide, sulfalazine), orally or
parenterally applied corticosteroids, immunosuppressants (aza-
thioprine, mercaptopurine, methotrexate, and/or calcineurine
inhibitors), intravenous biologic drugs (antibodies against
TNF-𝛼, 𝛼4𝛽7 integrins, IL-12/23 and/or IL-23), and small
molecules (JAK inhibitors and/or sphingosine-1-phosphate re-
ceptor modulators).[3,7–10] While there is a huge list of possible
treatment regimes, nowadays there is no cure for the disease,
which can control the clinical remission and improve the life con-
ditions of IBD patients.

1.2. Limitations of Conventional Drug Delivery System in IBD
Treatment

Conventional drug delivery systems, such as suppositories,
foams, enemas, tablets and injectables, have several limitations.
They often lack specificity, have high toxicity and require high
drug dosages. Additionally, while biologics demonstrated very
promising clinical results, 30–50% of patients do not respond to
biologics or may develop neutralizing antibodies that lead to a
secondary loss of response.[7,11] Moreover, patients with IBD face
an extensive list of mild to moderate drug related side effects,
including cancer, infections including opportunistic infections,
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Figure 1. Correlations between pathophysiological changes during IBD and targeted drug delivery strategies.

glaucoma, cataracts, tremor, osteoporosis, osteonecrosis, hep-
atic fibrosis, hypersensitivity pneumonitis or hepatitis, myopa-
thy, gingival hyperplasia, seizures, hypertension, hyperglycemia,
emotional disturbances, weight gain, etc.[7,11–13] This extensive
list of adverse reactions, together with repeated surgery, high-
lights the urgent need for novel treatment approaches and ther-
apeutic options, as well as new drug delivery systems.[4,14,15] In
contrast to conventional drug delivery systems, nanoparticles can
be fabricated for high specific gastrointestinal targeting and con-
trolled drug release. In principle, nanoparticles could potentially
cover the drawbacks of conventional therapeutic options.
Here, in this review we focused on polymeric nanoparticles

as drug delivery systems in the context of the pathophysiology
of IBD. Polymeric nanoparticles offer several advantages as they
can be fine-tuned and tailored in their design, shape, and size,
or adapted by sophisticated modification.[16] At the same time,
alterations in the GI tract during IBD can provide the opportu-
nity for such nanoparticles to target the inflamed areas of the
intestine, releasing the encapsulated drug selectively at the tar-
geted cells. Since the immune-inflammatory cascade alters the
structural and functional characteristics of the GI tract, it is crit-
ical to consider these changes during the fabrication and modi-
fication of nanoparticles. Ligand-modified nanoparticles can ac-

tively target cells with increased expression of specific surface re-
ceptors. In addition, stimuli-responsive nanoparticles can be ex-
ploited due to oxidative stress and the abnormal release of reac-
tive oxygen species (ROS) in the inflamed intestine. Thus, a thor-
ough understanding of the pathophysiology of IBD is essential
for the development of highly effective polymeric nanoparticles
for drug delivery (Figure 1).
It is noteworthy that there are currently no approved med-

ications for patients with IBD that incorporate nanoparticles.
However, numerous smart delivery systems have demonstrated
promising results in vivo experiments. The aim of this review
is to provide a summary of the current progress in the field of
nanomedicine for potential IBD therapy, with a particular focus
on polymeric nanoparticles and the pathophysiological changes
observed in patients.

2. Polymeric Nanoparticles as a Nanomedicine
Strategy for IBD Therapy

Nanoparticles as drug delivery systems can open the opportunity
for insoluble hydrophobic drugs to reach the inflamed tissue,
reduce its cytotoxicity, and optimize drug pharmacokinetics. Ad-
ditionally, nanoparticles can safeguard the drug disintegration
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Table 1. Comparison of nanoparticles.

Nanoparticles Advantages Challenges Ref.

Polymeric
(polymersomes; polymeric
micelles; dendrimers, etc.)

✓ Smart drug delivery
✓ Spatial and temporal controlled drug release
✓ Sustained drug release
✓ Diverse and highly sophisticated functionality and design
✓ Controllable size, shape, and surface charge
✓ Easy surface modification
✓ Suitable for hydrophobic and hydrophilic drugs
✓ High loading efficiency
✓ Stimuli response

• Safety issues
• Complexity
• High cost
• Scalability issues

[16,17,23]

Inorganic (quantum dots; silica,
iron oxide, gold nanoparticles,
etc.)

✓ Unique electrical properties
✓ Size and geometry
✓ Good drug loading capacity

• Toxicity risks
• Limited solubility

[17,24,25]

Lipid-based (liposome, lipid
nanoparticles, etc.)

✓ High bioavailability
✓ Suitable for hydrophobic and hydrophilic drugs
✓ Simple formulation

• Low encapsulation efficacy
• Stability
• Easily clearance by the lymphatic

system

[17,26]

in the harsh environment of the GI tract. Thus, nanoparticles
improve the bioavailability of the drug while simultaneously
reducing the non-specific distribution of the drug within the
body. The variable localization of inflammation in ulcerative
colitis and Crohn’s disease represents a significant challenge for
the development of targeted therapeutic strategies. There is a
clear requirement for selective targeting and drug release within
the inflamed tissue, with minimal interaction with the healthy
intestine.[17,18] The successful targeting of inflamed sites in IBD
is depending on several factors, including physiological func-
tions and the extent of inflammation, as well as the physicochem-
ical parameters of nanoparticles.[19] The shape of nanoparticles,
hydrophilicity, their surface charge and the reactivemoieties, play
an important role in determining the efficacy of the nanoparticles
as drug delivery vehicles. It is essential that nanoparticle-based
drug delivery systems for the IBD treatment are biodegradable,
are able to target specific cells, and release the drug exclusively
within the region of the intestine affected by inflammation. The
inflamed mucosa of patients with IBD exhibits notable differ-
ences from healthy tissue. These differences can be leveraged in
a range of strategies for nanoparticle fabrication.[17,20,21]

Nanoparticles are typically composed of polymers, lipids, met-
als, etc. It is essential to consider both the advantages and
limitations of these materials when developing new nanoparti-
cles (Table 1). Currently polymeric nanoparticles represent the
biggest part of approved nanoparticle medications in the global
market (35%) compared to lipid-based (29%), nanocrystals (26%),
and nonpolymeric nanoparticles (10%).[22]

The polymeric nanoparticles could protect the loaded
proteins,[27] bioactive molecules[28–32] from the degradation
in the harsh environment of GI tract, thereby maintaining the
effective bioavailability and targeted delivery in the inflamed tis-
sue. The self-assembly of polymers with polyphenols enhances
the bioavailability and absorption of polyphenols. Polyphe-
nols, including catechin, tannic acid, quercetin, curcumin,
rosmarinic acid, and others, reduce inflammation and scavenge
ROS. Polyphenol polymer assemblies show promising results
in recent studies on the treatment of IBD. Furthermore, the
physicochemical properties of polyphenols enhance the loading

efficacy of mRNA and proteins, thus providing a potential
therapeutic strategy for the treatment of colitis.[33–35]

Themost used nanoparticles for possible IBD treatment based
on natural polymers are chitosan, alginate, hyaluronic acid, and
pectin.[36–39] Polysaccharides have high bioavailability, biocom-
patibility, low toxicity, biodegradability in the colon, that is cru-
cial for IBD therapy.[37,39,40] Chitosan and its derivatives as a pH-
sensitive N-succinyl chitosan demonstrated their ability to im-
prove the therapeutic efficacy of water-insoluble drugs.[31,36,41,42]

Thus, natural polymers offer an attractive source for the develop-
ment of drug-delivery systems. However, several challenges re-
main, including the issue of batch-to-batch variation, the possibil-
ity of an immune response and the limited tunability of the prop-
erties of natural polymers.[16,43] Synthetic polymers, in contrast,
offer a vast array of options for themanipulation of their chemical
composition, molecular weight, and the alteration of end groups
through the integration of functional ligands via diverse polymer-
ization techniques.[21,40,44–46] Moreover, the diverse range of poly-
mer architectures provides the ability to regulate the morphol-
ogy of assembled nanoparticles. Additionally, reactive groups can
be integrated into the polymer side or main chain, which react
upon a stimulus and enable the local release of encapsulated
drugs from corresponding nanoparticles in a targeted manner
within the colonic mucosa. For instance, polymer disintegration
and degradation can be initiated in a particular microenviron-
ment (pH, ROS, enzymes). The diverse design and tunability of
polymeric nanoparticles improve the targeting of inflamed tis-
sue, thereby representing a promisingmaterial for pharmacolog-
ical applications. At the same time, the pathophysiology of IBD
must be considered during the design of nanoparticles.[47–49]

3. pH in the GI Tract and Transit time as Approach
for pH-Dependent Nanoparticles

The physiological microenvironment of the GI tract represents
a significant challenge for the effective oral drug administration.
The pH value differs between the stomach (pH1.5–3.5), the small
intestine (pH 5.5–6.8) and the colon (pH 7.0–8.0).[50,51] Thus,
pH-dependent alterations of drug bioavailability, absorption,
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stability, and intestinal permeability may occur. To eliminate the
harsh microenvironment of the GI tract, pH-sensitive polymers
can be used for enteric coating, effectively covering the drug and
enhancing its bioavailability.[52,53] Nowadays, solid oral dosage
forms coated with poly(methacrylic acid-co-methyl methacrylate)
resins (Eudragit L, S, and F) are successful translated into
clinical practice. Eudragit polymers represent the most widely
used coating materials with pH-responsive properties for the
targeted release of drugs at colonic pH.[40,48,52,54,55] pH- and
time-dependent Eudragits are frequently applied as polymers
to reduce the initial drug release and absorption in the upper
sections of the GI tract, thereby enhancing the drug delivery to
the inflamed colon.[42] Y. Turanlı and F. Acartürk, for example,
employed anionic polymethacrylate Eudragit S100 (ES100) as
a pH-dependent polymer and cationic polymethacrylate Eu-
dragit RS100 as a time-dependent polymer in the fabrication of
budesonide-loaded nanoparticles.[56]

Additionally, a number of other polymers exhibit com-
parable pH-responsive properties. For example, polymers as
pectin, hydroxypropyl-methylcellulose phthalate, hydroxypropyl-
methylcellulose acetate succinate, cellulose acetate phthalate, ac-
etate trimellilate, and polyvinyl acetate phthalate, o-phenylene
dimethyl acetate cellulose, chitosan, PLGA, etc. might degrade
when pH changes or under other specific conditions.[36,57–61] A
recent study has demonstrated that pH-soluble PLGA nanopar-
ticles loaded with sorting nexin 10-shRNA plasmid have the
potential to reduce intestinal mucosal damage and inflam-
mation in both acute and chronic IBD mice models follow-
ing oral administration.[62] Tollemeto et al. fabricated polymer-
somes from poly(ethylene glycol)-poly(caprolactone-gradient-
trimethylene carbonate) (PEG-p(CL-g-TMC)) amphiphilic block
copolymers for the intestinal delivery of immunosuppressants.
The polymeric vesicles displayed stability at low gastric pH, un-
dergoing disintegration at the pH of the small intestine.[63]

The physical crosslinking of the natural polysaccharide poly-
mers, such as sodium alginate and chitosan, forms a biodegrad-
able and pH-sensitive 3D hydrogel structure.[64] The gel protects
the drug from degradation, thereby increasing its bioavailability
and enhancing its ability to achieve colon-specific targeting.[36]

The hydrogel-encapsulated nanoemulsions represents an inno-
vative strategy for colon-specific targeting and controlled drug re-
lease.
Despite the current dominance of Eudragit and analogous

polymers in pH-sensitive encapsulation, these formulations
are limited in their capability to facilitate targeted drug release
within the GI tract. These polymers only protect the drug in the
stomach and release it in specific intestinal segments. However,
the released drug affects all areas of the intestine, so target-
ing only inflamed areas is not possible with these polymers.
Therefore, there is an unmet need for the development of smart
nanoparticles with enhanced selectivity for inflamed colon
tissue.

4. Mucus Barrier Alterations as Target for Surface
Modified Polymeric Nanoparticles

The intestinal barrier functions as the first line of defense, play-
ing a pivotal role in maintaining homeostasis and protect the

body frommicrobial and toxic agents. Furthermore, secretory im-
munoglobulin A, antimicrobial proteins and commensal bacte-
rial flora maintain immunological defense mechanisms.[65] The
transportation of antigens from the lumen to the lymphoid tissue
is a key function ofmicrofold (M) cells, and thus represents a vital
aspect of mucosal immunity. These properties of M cells are es-
pecially relevant in the context of oral mucosal vaccination.[66–68]

Furthermore, the elevated number of M cells in CD and en-
hanced expression of IBD-susceptible genes in patients with UC
may indicate a significant contribution of M cells to the patho-
genesis of IBD.[69]

A mucus layer that coats the epithelium in the GI tract creates
an additional barrier that helps maintain optimal physiological
conditions. The mucus layer contains water, mucins, globular
proteins, salts, DNA, lipids, cells and cellular debris. Even minor
alterations in the composition of these components can result
in significant changes in the physicochemical properties, which
may ultimately lead to the development of a disease state.[70]

Goblet cells produce secretory and membrane-associated
mucins, predominantly MUC2, on the luminal surface of the
epithelium. Mucins are glycoproteins with a high molecular
weight and a carbohydrate density of over 70%. They form
a brush-like structure with O-linked oligosaccharides and N-
glycan chains, coupled with a protein backbone. Glycoproteins
of mucins are responsible for the cohesive and adhesive prop-
erties (Figure 2).[70–72] The physicochemical properties of the
mucus layer, including pore size (50–1800 nm), viscoelasticity
(87 mEq L−1 for colon), pH, ionic strength (1.1–25.816 mPa s
for small intestine), and charge, determine the penetration of
drug delivery systems. The high density of sulfate and sialic
acid groups in glycoproteins of mucin contributes to a negative
surface charge. Additionally, mucus contains hydrophobic and
hydrophilic domains. Therefore, the rigidity, the size and the sur-
face charge of nanoparticles regulate the possibility to cross this
barrier.[16,70,73–75]

The concept of mucoadhesion and mucopenetration is a fun-
damental aspect of enteral drug delivery. It has been widely
discussed, implemented and some approaches are currently
in clinical use.[76,77] A number of mucus-interacting systems
have already received FDA approval for use in the treatment
of various conditions. These include mucoadhesive Carbomer
(MuGard, ProctiGard) for the treatment of mucositis, cellulose
(diphenoxylate hydrochloride) for the treatment of diarrhea, and
mucus-penetrative Pluronic (SP1049C) for the treatment of gas-
tric carcinomas.[78]

During IBD, the number of goblet cells undergoes a marked
decline, resulting in alterations tomucin production. At the same
time, the number of immature goblet cells, which secrete in-
complete mucus, increases. This consequently results in the
disruption of the mucus layer that provokes the penetration of
pathogens and bacteria, which induce inflammation and there-
fore ulcerative colitis.[80–86] The alterations during IBD lead to a
reduction in the electrostatic negative charge of this layer. Addi-
tionally, the pH level in the colon of patients with active UC is re-
duced in comparison to a healthy state. The reduction in pH level
results in alterations to the physicochemical properties of themu-
cus layer.[87] Furthermore, it was demonstrated that an elevated
number of sulfate-reducing bacteria within the colonicmucosa of
patients with UC can influence the disruption of disulfide bonds
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Figure 2. Schematic illustration of potentially mucoadhesive elements of mucin glycoproteins. Adapted from.[79]

between mucin 2 (MUC2), which results in enhanced mucosal
permeability.[88,89]

It is noteworthy that the amount of mucus layer differs be-
tween patients with CD and UC. UC is characterized by de-
creased mucus layer (due to goblet cell depletion) and reduced
mucin glycosylation and sulphation. In contrast, Crohn’s dis-
ease is characterized by increased mucin production (most
probably due to goblet cell hyperplasia) and its abnormal
glycosylation.[71,83,84] At the same time, oligosaccharide chain
length of mucin is 50% shorter in patients with CD compared to
healthy individuals which results in a reduction in the viscoelas-
ticity of mucin. Moreover, the expression of mucins in patients
with Crohn’s disease is dependent on the state of disease activity,
with a correlation between increased activity scores and elevated
mucin expression. This is in contrast to patients with UC, where
mucin expression is not associated with disease activity.[90]

Having this aspect in mind, it is essential to evaluate the de-
sign of nanoparticles that can interact with mucus components,
as this interaction may alter the targeting efficacy (Figure 3).

4.1. Electrically Neutral Nanoparticles

The physicochemical properties of mucus permit the effortless
penetration of nanoparticles that are nearly electrically neutral,
hydrophilic, andmucus inert. These nanoparticles can thus reach
epithelial cells that are located beneath the mucus layer.[16] It has
been shown, that the polyethylene glycol (PEG) modification of
nanoparticles (PEGylation) creates almost an electrically neutral
surface, which diminishes the interaction with mucin and thus
enhances permeability of the mucosal barrier.[16] Consequently,
if the rapid penetration of the mucosal barrier is necessary, the
use of nanoparticles with a high density of PEGylation can lead
to more favorable outcomes.[91–93] In particular, a high density of
low-molecular-weight PEG (2kDa) demonstrated a rapid mucus
penetration.[94,95] In contrast, surface modification of nanoparti-

cles with 5 kDa PEG resulted in increased hydrophilicity and con-
sequently decreased interaction with inflamed tissue.[92] By elim-
inating any unfavorable interactions with mucus, PLGA-PEG
nanoparticles are capable of locally delivering an encapsulated
monoclonal antibody against TNF-𝛼 into inflamed gastrointesti-
nal tissue.[92]

An alternative option to PEGylation could be elec-
trically neutral and hydrophilic zwitterionic polymers,
such as poly(carboxybetaine) and poly[2-(N-oxide-N,N-
diethylamino)ethyl methacrylate], which also demonstrate
mucus-penetrating properties.[96–99] Thus, it was shown that
laminarin zwitterionic carboxylate and sulfonate improved
gut dysbiosis and intestinal barrier function in DSS-induced
colitis.[100]

Furthermore, the coating of nanoparticles with FDA-approved
Pluronics (copolymers of poly(ethylene glycol)-poly(propylene
oxide)-poly(ethylene glycol) (PEG-PPO-PEG)) may markedly di-
minish the physicochemical interaction between nanoparticles
and mucin glycoproteins, consequently enhancing permeabil-
ity through the mucus.[94,101,102] Thus, the functionalization of
PLGA nanoparticles with Pluronic F127 (a polyoxyethylene-
polyoxypropylene triblock copolymer) significantly enhanced
their mucus-penetrating capacity and nanoparticle accumulation
in inflamed colon tissue.[103,102]

4.2. Negatively Charged Nanoparticles

In contrast to electrically neutral nanoparticles, particles with
a surface charge demonstrate electrostatic interactions with the
mucosal barrier. The use of charged nanoparticles may be advan-
tageous in applications where the distribution and retention of
drugs within mucus layer is desired. The damaged epithelium
with a reduced mucus layer and an accumulation of neutrophils
in this area is characterized by a cationic surface. Moreover, in
the inflamed mucosa of colitis patients, there is an increased
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Figure 3. Schematic illustration of electrostatic interactions of nanoparticles with mucus and epithelial cells.

expression of the transferrin receptor on the surface of epithe-
lial cells. Together with the exposed positively charged proteins
(transferrin and eosinophil cationic proteins), these can be tar-
geted by the negatively charged particles (Figure 3).[104–106] The
cationic surface accumulates negatively charged nanoparticles
via biophysical electrostatic interactions.[92,106–110] Furthermore,
the anionic charge on the surface of the nanoemulsion pre-
vented the aggregation of nanoparticles, thereby stabilizing the
system.[111]

Sato et al. fabricated cyclosporine A (CsA) loaded polymeric
nanoparticles based on polystyrene-block-polyacrylic acid (PAA-
CsA). PAA has mucoadhesive properties due to electrostatic in-
teraction with mucus, which improves CsA bioavailability.[112]

Thus, CsA loaded polymeric improved pharmacokinetics of
orally dosed CsA in in vivo experiments.[112]

Complexation between cationic and anionic polymers can also
be used to produce polymeric nanoparticles. The anionic poly-
mers are often used for the final coating on the surface to cre-
ate a negative surface charge on the final nanoparticles. For ex-
ample, to increase the interaction with the inflamed mucosa
the cationic polyethyleneimine (PEI) nanoparticles were self-
assembled with the natural polyanionic polysaccharide sodium
alginate.[113] Dong et al. used PEI polymer to achieve high dex-
amethasone loading rates, while sodium alginate enhanced the
effective interaction of these nanoparticles with the inflamedmu-
cosa after rectal administration.[113] Sodium alginate was also

used in the formation of a multilayer polyelectrolyte coating
structure with chitosan to improve the interaction of the nanopar-
ticles in mucus. Effective targeted delivery of 5-aminosalicylic
acid to the inflamed colon was demonstrated using these nega-
tively charged nanoparticles.[114] Most likely, the carboxyl groups
of alginate could theoretically form a hydrogen bond with the
sialic acid in mucin.[77] High targeting to inflamed mucosa
was also observed with the negatively charged pectin-based
nanoparticles.[38]

Nanoparticles based on the self-assembly of polymers with
polyphenols demonstrated clear colon targeting due to the tis-
sue adhesion properties of the polyphenols.[115] For example, the
phenolic hydroxyl groups of tannic acid facilitate the bioadhesion
of polyphenol polymer nanoparticles in an inflamed colon.[116]

Wang et al. used tannic acid and PEG-containing polymers
for self-assembling supramolecular nanoparticles to load the
proteins (as anti-TNF antibodies).[117] These negatively charged
polymeric nanoparticles showed a higher interaction with the
transferrin-coated surface compared to themucin-coated surface,
which is important for targeting inflamed mucosa. Interestingly,
in contrast to intravenous administration with accumulation in
the liver, spleen and kidney, only orally administered nanopar-
ticles showed anti-TNF antibody accumulation in the colon.[117]

Biologics are a promising option for IBD treatment. However,
up to 50% of patients do not respond to antibodies and there is a
risk of serious side effects.[4] Administration of antibodies orally
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can improve their bioavailability and reduce severe side effects
following systemic administration of antibodies.

4.3. Positively Charged Nanoparticles

Since diarrhea is very common in IBD, significant accumulation
of nanoparticles on the surface of the mucus layer of inflamed
sites may be a useful approach.[118] This gives the nanoparticles a
better chance of releasing their drug in the inflamed area before
they are cleared. The positively charged nanoparticles demon-
strate their mucoadhesive properties by interacting with the sul-
phates and sialic acid in the carbohydrates on the surface of the
mucins (Figure 3). The spatial charge distribution and presence
of hydrophobic moieties are also key factors.[86,119–121]

Chitosan is often used to produce positively charged poly-
meric nanoparticles. These nanoparticles exhibit strong mu-
coadhesive properties through electrostatic interactions with
mucus.[42,122,123] However, to increase the permeability of chi-
tosan nanoparticles through mucus and to enhance the internal-
ization of nanoparticles into epithelial cells, N-2-Hydroxypropyl
trimethyl ammonium chloride chitosan can be functionalized
with hydrophobic palmitic acid and cysteine.[124] In order to re-
duce the toxicity of high molecular weight chitosan nanoparti-
cles, low molecular weight, water-soluble chitosan nanoparticles
can be used. The mucoadhesive properties of these positively
charged nanoparticles may prolong the interaction time with the
inflamed mucosa, and bilirubin attached to these nanoparticles
could regenerate the disrupted epithelial barrier.[125]

It is important to note that cationic polymers can be used for
successful oral or rectal delivery of siRNA.[44,126] Although the
etiology of IBD is unknown, the genetic predisposition plays
an important role.[5] From this perspective, gene delivery to
inflamed tissue may improve the condition of IBD patients.
Cationic nanoparticles fabricated by direct copolymerization of
catechol and amine monomers via radical and ring opening
metathesis polymerization demonstrated siRNA delivery after
rectal administration.[44]

The concept ofmucoadhesive andmucopenetrative nanoparti-
cles is surrounded by intense discussions, challenges and unan-
swered questions. The principal advantage of mucoadhesive
nanoparticles is their capacity to exert a prolonged effect. How-
ever, mucoadhesive nanoparticles adhere to all areas, including
healthy intestine, which limits their targeted properties. Never-
theless, there is debate as to whether their adhesion is stronger
to inflamed tissue compared to healthy tissue. Additionally, it is
important to note the difference between UC and CD and the rel-
atively fast (1 h for the inner layer) spontaneous turnover of mu-
cus, with the estimated range of mucus growth around 240 μm
h−1.[78,112,89]

5. Intestinal Barrier Dysfunction for Size and
Shape dependent Penetration of Nanoparticles

To target cells in the lamina propria, nanoparticles have to over-
come not only the mucus barrier but also the epithelial bar-
rier. The structure of the epithelial layer determines its defense
function. Paracellular transport, tissue integrity and barrier func-

tion are regulated by the apical junction complex (AJC) that con-
nects epithelial cells to each other. Tight junctions (zonula oc-
cludens (ZO)), adherens junctions and desmosomes form the
AJC.[127,128] Tight junctions (TJ) consist of transmembrane pro-
teins – claudins, occludins and tricellulin that form the selectively
permeable paracellular barrier.[129,130] However, during IBD, the
structural changes and reduction in AJC increase the transcyto-
sis of antigens, pathogens ormicrobial products from the lumen.
This triggers the cascade of immune responses that further dam-
age the intestinal barrier.[131,132] Together with apoptosis of ep-
ithelial cells, disruption of the inner mucus layer alters the in-
testinal barrier functions in patients with IBD.[132–134] Permeabil-
ity dysfunction of the intestinal barrier provokes inappropriate
immune response in the lamina propria that continuously de-
stroys the mucosal tissue.
At the same time, alterations and damage of the intestinal

barrier can be a crucial strategy for selective drug delivery into
inflamed areas of the intestine and therefore a valuable reduc-
tion in drug-related severe complications.[135–137] For example,
patients with UC have a disturbed epithelial barrier, epithelial
gaps and permeability dysfunction in the inflamed site of the
colon, providing an opportunity for nanoparticles to accumulate
in this area due to the epithelial Enhanced Permeability and Re-
tention (epEPR) effect (Figure 4).[20,138–143] Thus, size-dependent
accumulation of nanoparticles in the inflamed colon was of-
ten demonstrated in in vivo and ex vivo experiments.[19,144,145]

The most commonly used nanoparticles are spherical in shape.
However, recent research has focused on nanoparticles with dif-
ferent shapes, including elongated structures.[21,146] Compared
to spherical nanoparticles, rod-shaped polystyrene nanoparti-
cles have a higher uptake rate by intestinal cells.[147] We also
demonstrated that wormlike polymeric nanoparticles (20.5 nm
diameter, 1 μm length) assembled from the amphiphilic block
copolymer poly(butyl acrylate)-block-poly(ethylene oxide) are se-
lectively taken up into inflamed colonic mucosa from IBD pa-
tients, whereas vesicles and spherical nanoparticles are non-
selective for inflamed tissue.[21] Similar results have been demon-
strated in a nude mouse model of colorectal cancer using
poly(1,4-butadiene)-block-poly(ethylene oxide) polymeric worm-
like nanoparticles with an improved rate of diffusion through the
intestinal mucosal barrier.[148] In addition, elongated nanoparti-
cles have a high drug loading capacity, high surface area and the
reptation behavior of flexible structures allows them to penetrate
deeper into the tissue.[149,150]

6. Oxidative Stress in IBD as Target for
ROS-Sensitive Nanoparticles

Sites of inflammation in IBD are characterized by abnormal
production of free radicals created by electron reduction of O2.
In principle, reactive oxygen species (ROS) – superoxide anion,
hydrogen peroxide, hydroxyl ion, hydroxyl radical etc., – play
a crucial role in homeostasis. Cells are able to catabolize ROS
enzymatically (superoxide dismutases, catalases, glutathione
peroxidases and reductases, etc.) and non-enzymatically (ascor-
bate, pyruvate, etc.). However, an imbalance and overproduction
of ROS in epithelial and immune cells has been implicated in
the pathogenesis of IBD. Inappropriately high levels of ROS
can be cytotoxic and induce oxidative stress.[151–153] ROS escalate
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Figure 4. Schematic illustration of intestinal barrier dysfunction and the epithelial enhanced permeability and retention (epEPR) effect that provide the
opportunity for small spherical nanoparticles and nanoparticles with elongated shape accumulate in the inflamed colon.

intestinal mucosal damage by inducing epithelial permeability
via altered TJs and microbial dysbiosis. These dramatically
undermine the function of the epithelial barrier.[154–156] Thus,
scavenging free radicals in the inflamed part of the GI tract is one
of the strategies in IBD therapy.[157,158] For example, antioxidant
enzymes such as superoxide dismutase (SOD) and catalase (CAT)
can be encapsulated into nanoparticles formed from amphiphilic
modified cyclodextrins and delivered to the inflamed part of the
GI tract.[159] Zeng et al. demonstrated the high bioavailability and
therapeutic efficacy of these nanoparticles in induced animal col-
itis. They significantly inhibited inflammation by reducing ROS
levels.[159] Significant amelioration of DSS-induced colitis via
rectal administration was demonstrated by SOD-loaded supra-
amphiphilic nanoparticles based on boronated polylysine with a
lipidated catechol.[158] An alternative approach was used by Liang
and coworkers. They encapsulated SOD and CAT in polymer
shells by using a surface-initiated in situ polymerization reaction
to obtain capsules that were suitable for oral administration.[27]

Nanoparticles made from ROS-scavenging hydroxyethyl starch-
curcumin conjugates demonstrated their ability to degrade in
response to 𝛼-amylase overexpressed in the inflamed colon.[160]

Moreover, their negative charge and ability to accumulate
in the inflamed colon via the epEPR effect demonstrated
their colon targeting function.[160] ROS scavenging was also
demonstrated by phenolic groups in natural polyphenols.[161]

ROS scavenging was shown in colitis-induced mice by pro-
cyanidin and free iron, encapsulated in polyvinylpyrrolidone
nanoparticles.[162]

Oxidative stress in IBD also provides an opportunity to
use ROS-sensitive nanoparticles. Thus, disulfide, diselenide,
thioether, phenylboronic ester, thioketal are common examples
of ROS-responsive linkers for drug-polymer conjugation or as
the backbone of polymer.[16] ROS-responsive polymeric nanopar-
ticles disintegrate and change their morphology in a controlled
manner in the presence of ROS, releasing their cargo at targeted
sites and in targeted cells. (Figure 5). For example, we have
shown that there is a significant correlation between excessive

ROS in monocytes isolated from patients with active IBD and
the degradation of oxidation-sensitive polymeric nanoparticles
formed from a biocompatible amphiphilic block copolymer
with thioether moieties.[163] Using similar thioether groups
in a D-𝛼-tocopherol-modified polyethylene glycol succinate-b-
poly(𝛽-thioester) copolymer, Tan et al. fabricated ROS-responsive
nanoparticles that can change their size and release the drug at
the site of oxidative stress.[164] While PEGylation could improve
nanoparticle penetration through mucus, it could also inhibit
further cell internalization. To improve cell internalization of
nanoparticles, de-PEGylation via a thioketal linker between
PEG and PLGA in the presence of a high concentration of ROS
may enhance further targeted drug release. Oral delivery of
ROS-cleavable PEG-PLGA nanoparticles demonstrated targeted
delivery of teduglutide, a glucagon-like peptide-2 analogue, in
IBD model.[165] In a recent study, ROS-responsive thioketal
nanoparticles were used for the targeted delivery of tubastatin
A to the inflamed colon of mice.[166] A novel ROS-responsive
nanoparticles fabricated from a phenylboronic esters modified
carboxymethyl chitosan also demonstrated its degradation in
the presence of ROS and amelioration of colitis in DSS mice by
loading berberine into the nanoparticles.[167] The utilization of
a ROS-sensitive hydrogel, formulated from a diselenide-bridged
arctigenin and chitosan conjugate, enabled the selective target-
ing of an inflamed colon and the restoration of the intestinal
mucosal barrier.[168] The oral administration of ROS-sensitive
dopamine-coated berberine demonstrated notable adhesive
properties and therapeutic efficacy in a DSS-induced colitis
model.[169]

Another approach is the scavenging of ROS and proinflamma-
tory cell-free DNA (cfDNA) using polyethyleneimine (PEI) conju-
gated to antioxidant diselenide-bridged mesoporous organosilica
nanoparticles. These nanoparticles demonstrated high cfDNA
binding affinity and ROS-responsive degradation in murine col-
itis models (DSS and TNBS induced).[170] Recently, novel ROS-
sensitive polymeric nanoparticles were developed to deliver cin-
namaldehyde prodrug intravenously and accumulate it in the in-
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Figure 5. Schematic illustration of altered microenvironment of inflamed colon as an approach for nanomedicine strategies.

flamed colon. Cinnamaldehyde was conjugated to the polymer
chain via a thioacetal linker to protect the cargo from uncon-
trolled release.[171] The silica-containing redox copolymer poly[4-
(2,2,6,6-tetramethylpiperidine-1-oxyl)aminomethylstyrene (PEG-
b-siPMNT)] was used to prepare nanoparticles for effective reten-
tion of a hydrophobic drug (silymarin) in the colonic mucosa.[30]

The use of the multiresponsive nanoparticles can be advan-
tageous in the harsh environment of the GI tract. Thus, the
pH- and redox-responsive natural-based polymeric nanoparticles
were prepared based on angelica sinensis polysaccharide with
urocanic acid and 𝛼-lipoic acid. Due to imidazole groups in uro-
canic acid, the nanoparticles are pH-responsive, while redox-
responsive properties are obtained by disulfide bond breakage in
𝛼-lipoic acid.[141] Moreover, these pH/redox responsive polymeric
nanoparticles demonstrated colonic targeting and drug release
after intravenous injection in DSS-induced colitis. By modifying
glycogen with urocanic acid and 𝛼-lipoic acid, Xu et al. obtained
pH- and redox-sensitive polymeric nanoparticles due to the pres-
ence of imidazole group in urocanic acid and disulfide bond
in 𝛼-lipoic acid.[28] These redox- and pH-sensitive nanoparticles
demonstrated effective delivery of the natural bioactive compo-
nent (ginsenoside Rh2) to the inflamed colon of DSS-induced
colitis model.[28] Another example of colonic pH/redox sensitive
butyrate-rich nanoparticles were prepared from PEG block and
Eudragit mimicking polymers for colonic targeting and selective
release of magnolol in DSS-induced colitis mice.[172]

ROS-sensitive polymers are an exciting area of research and a
good example of the potential of nanoparticle-based delivery sys-
tems for selective and targeted drug release. Further interesting
developments are certainly expected in the future. However, it
is important to note that the effect of ROS-responsive polymers
should not be demonstrated simply by adding in vitro H2O2 to
cell lines, as is unfortunately often the case. Clear correlations be-
tween the physiological microenvironment at the site of inflam-
mation and degradation of the ROS-sensitive nanoparticles must
be demonstrated.

7. Overexpression of Specific Cell Surface
Receptors as an Approach for Active Targeting

Nanoparticles can target inflamed tissue actively and passively.
Passive targeting of the inflamed intestine could be achieved via
the effect of increased permeability and retention of the epithe-
lium and endothelium, and even passive targeting of immune
cells has been demonstrated in inflamed human mucosa. By
modifying the surface of well-tailored polymeric nanoparticles,
it could be possible to actively target specific cells in the inflamed
area of the intestine. Active targeting can improve selective drug
delivery and the overall treatment approach.[21,49,173]

Specific cell surface receptors and adhesion molecules are
overexpressed on the surface of colonic epithelial, endothelial
and immune cells in IBD. These include the mannose receptor,
macrophage galactose lectin, transferrin receptor, folate receptor,
CD98, CD44, dectin-1, peptide transporter 1 (PepT1) and F4/80.
Nanoparticles modified with specific ligands which bind to these
receptors and cell adhesionmolecules can improve targeted drug
delivery to inflamed tissue by reducing non-specific interactions
with healthy tissues and cells. Ligand-modified nanoparticles
trigger receptor-mediated endocytosis upon binding to specific
receptors overexpressed on target cells.[29,47,52,173–176]

7.1. Polysaccharides

Drug-loaded nanoparticles that can actively target inflamed tis-
sue represent a potentially effective approach for the treatment of
IBD. A number of different targeted cells have been identified for
IBD treatment. The direct treatment of epithelial cells remains a
challenging area of research. Currently, only a limited number
of research groups are actively investigating this field.[177,178] In
contrast, the targeting of immune cells and the subsequent mod-
ulation of the immune response has emerged as a dominant ap-
proach within the field of nanomedicine.[175,179–181]

Adv. Therap. 2025, 2400439 2400439 (9 of 17) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400439, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

For example, the CD44 is a known receptor that is overex-
pressed in inflammatory cells in colon tissue. Polymeric nanopar-
ticles with hyaluronic acid (HA) can be applied for active tar-
geting and nanoparticle endocytosis, as HA has a high affinity
for CD44 receptors.[29,52,182,183] Therefore, following oral admin-
istration of ES100-coated chitosan nanoparticles, ES100 is dis-
solved in the colon due to increased pH, resulting in the dis-
play of HA on the surface of the nanoparticles. The increased
intestinal permeability at the sites of inflammation (epEPR ef-
fect) allows nanoparticles to penetrate through the disturbed ep-
ithelial barrier and reach the immune cells that have infiltrated
the lamina propria of the inflamed tissue. Active targeting of
macrophages is achieved due to the high affinity of HA for CD44,
resulting in controlled drug delivery and improvement of ex-
perimental colitis.[29,52,182] Chitosan-PLGA nanoparticles modi-
fied with HA ligands demonstrated active targeting of CD44
receptors and delivery of anti-miR-301a to the colon of DSS-
induced colitis mice.[182] The targeted properties and therapeu-
tic effect of hyaluronan-functionalized PLGA-chitosan nanopar-
ticles loaded with the immunosuppressant cyclosporine A were
demonstrated in animal colitis and human colonic biopsies.[107]

A recent study by Uthaman et al. illustrates the potential of tar-
geting CD44 receptors.[184] They fabricated programmable mi-
celles based on a self-assembling HA and stearic acid conju-
gates, with drug release properties via a ROS-responsive thioke-
tal linker. The micelles demonstrated effective targeting of the
inflamed colon and drug release in DSS colitis mice upon oral
administration.[184]

The bilirubin-loaded HA-PLGA nanoparticles effectively tar-
geted the colon in a UC mouse model, modulating epithelial
cell proliferation and stem cell regeneration. The administration
of these nanoparticles resulted in an increase in the number of
Lgr5+ intestinal epithelial stem cells, which play a pivotal role
in the modulation of intestinal epithelial regeneration during
IBD.[185,186]

7.2. Monosaccharides

While macrophages overexpress galactose and mannose recep-
tors during the inflammatory process, nanoparticles with ligand-
mediated targeting can be an effective strategy for targeting the
inflamed intestine.[187] Thus, galactosylated polymeric nanopar-
ticles active target macrophage via galactose type-lectin-C (MGL-
2) surface receptors. These stimuli-sensitive, biofunctionalized
ES100/Pullulan coated d-galactose-PLGAnanoparticles were fab-
ricated for dexamethasone delivery.[188] Galactose-bound PLGA
nanoparticles[189] or galactosylated carboxymethyl chitosan poly-
meric micelles,[190] can be utilized to achieve enhanced targeting
of intestinal macrophages in inflamed regions.
An alteration in the intestinal barrier in IBD provides an

opportunity to use glycocalyx-mimicking nanoparticles that
can target inflamed sites of the colon due to glycocalyx-
mediated interactions. It was demonstrated that the glycocalyx-
mimicking nanoparticles target macrophages in the inflamed
colon. The glycopolymers were synthesized through a random
copolymerization process involving the methacrylamide forms
of glucose, galactose, mannose, N-acetylglucosamine and N-
acetylgalactosamine.[191]

7.3. Peptide/Protein Ligands

During inflammation, the endothelial cells overexpress the cell
adhesion molecules such as selectins, immunoglobulins, vascu-
lar cell adhesion molecule 1 (VCAM1) and intercellular adhesion
molecule 1 (ICAM1).[49] Thus, by modifying the surface of poly-
meric nanoparticles with a peptide that has a high binding affin-
ity to a VCAM1, the effective targeting of inflamed tissue could
be achieved. The example of peptide ligand modification is the
recent work on the selective delivery of interleukin-1 receptor-
associated kinase 4 inhibitor into inflamed tissue using modified
by a peptide (VHPKQHRGGSKGC) poly(ethylene glycol)-block-
poly(-caprolactone) nanoparticles.[192] The intravenous adminis-
tration of PLGA nanoparticles decorated with P-selectin-binding
peptides effectively targets the inflamed colon.[193] The expres-
sion of P-selectin is increased in vascular endothelial cells at the
site of inflammation, which allows for the targeted delivery of
nanoparticles to the affected area.[194]

Macrophage targeting was also achieved after intravenous
administration of peptide-functionalized polymersomes.
TNF-𝛼 siRNA and dexamethasone sodium phosphate were
co-encapsulated into a peptide-functionalized, reversibly
cross-linked polymersomes made of an asymmetric triblock
copolymer, poly(ethylene glycol)-b-poly(trimethylene carbonate-
co-dithiolane trimethylene carbonate)-b-polyethylenimine
(PEG-P(TMC-DTC)-PEI). The terminal PEG was modified with
Thr-Lys-Pro-Arg. The pendant dithiolane rings in the P(TMC-
DTC) block form a redox-sensitive disulfide bond, which is
crucial for stimulus-responsive drug/siRNA release. Peptide-
functionalized polymersomes targeted macrophages followed by
GSH-triggered cytoplasmic drug/siRNA release. These polymer-
somes significantly prevented inflammation in DSS-induced
colitis animals.[195] Another example of ligand-modified poly-
meric nanoparticles is transferrin (Tf)-modified PEG-PLGA
nanoparticles. These nanoparticles showed increased uptake by
Caco-2 cells and colon targeting in colitis-induced rats, compared
to unmodified nanoparticles.[196]

The protein coating of nanoparticles plays a crucial role in their
uptake by the epithelial mucosa, either reducing or improving ac-
tive targeting. To enhance the transcytosis of Tf-PLGA nanopar-
ticles, their surface can be precoated with mucin. As demon-
strated by Yang et al., Tf-PLGA nanoparticles absorb proteins
from the mucus layer, thereby reducing the efficiency of pen-
etration through the mucosal epithelial barrier. However, pre-
coating these nanoparticles with mucin improves transcytosis
and the formation of a protein corona on the surface of the
nanoparticles.[197]

8. Characterization of Nanoparticle–Tissue
Interactions

Due to the complex pathogenesis of IBD and the localization
of inflammation in the GI tract, it is essential to investigate
the nanoparticle-tissue interaction. It is crucial to consider that
not all parts of GI tract in IBD patients are affected. Therefore,
interactions between nanoparticles and healthy tissue, as well as
the release of drugs in these areas, must be avoided. The targeted
properties of polymeric nanoparticles play a pivotal role in the
management of IBD, particularly in the context of transmural
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Table 2. Comparison of main methods for characterizing nanoparticle-tissue interactions.

Method Advantages Limitations

IVIS ✓ Real time biodistribution of nanoparticles in GI tract and
in each organ

✓ Noninvasive

• No cell uptake information
• Semiquantitative analysis
• Qualitative analysis

NIR-II fluorescence imaging and 3D
MSOT images

✓ Biodistribution of nanoparticles in GI tract and in each or-
gan

✓ Noninvasive approach
✓ Deep-tissue imaging
✓ High resolution
✓ Improved contrast

• Qualitative analysis
• Photoluminescent contrast agents
• High cost of high sensitive InGaAs camera
• Technical limitations (thermal background noise from

animals)

Fluorescent microscopy with image
analysis

✓ Localization of nanoparticles
✓ Translocation of nanoparticles across epithelial barrier
✓ High resolution (CLSM, SRM)

• Semi-quantitative analyze
• Invasive

Flow cytometry ✓ Quantitative analyze
✓ Most precise approach for nanoparticle uptake

• Time consuming
• Invasive

inflammation from the mouth to the anus during CD and
colo-rectal mucosal inflammation during UC. A number of tech-
niquesmay be employed to characterize the interactions between
nanoparticles and intestinal tissue (Table 2). The in vivo imaging
system (IVIS) is the standard method of determining the biodis-
tribution of nanoparticles in vivo.[198–200] The IVIS is a valuable
tool for demonstrating the localization of nanoparticles in spe-
cific sections of the GI tract and their subsequent distribution in
other organs. Furthermore, the IVIS system is frequently used
in ex vivo adhesion experiments, wherein nanoparticles are in-
cubated with animal or human colon samples.[201,202] As an alter-
native, near-infrared second window (NIR-II) fluorescence and
multispectral optoacoustic tomography (MSOT) imaging can be
employed to achieve a deep-tissue imaging with high resolution
and improved contrast.[54,203,204] Immunofluorescence analysis of
thin cryosections of mucosal tissue represents the predominant
approach for the determination of target properties of nanopar-
ticles at the cellular level. Confocal laser scanning microscopy
(CSLM) and super-resolution microscopy (SRM) provide en-
hanced resolution and details regarding the localization and
uptake of fluorescent-labelled nanoparticles within tissue.[205,206]

In order to obtain more quantitative results, an image analysis
can be conducted.[21] A novel automated multicolor mesoscopic
light- and fluorescence imaging system has recently been pre-
sented, which enables the tracing of nanoparticles in large tissue
samples.[207] The most accurate method for evaluating the char-
acterization of nanoparticle-tissue interactions is flow cytometry.
Flow cytometry analysis is a quantitative method of analyzing the
uptake of nanoparticles by colonic lamina propria cells.[208–210]

In order to achieve an accurate representation of the targeted
properties of nanoparticles, it is necessary to employ a combi-
nation of several analytical methods. Currently, there is still a
limited amount of information available concerning the mecha-
nisms of nanoparticle translocation across gastrointestinal barri-
ers, the processes of nanoparticle adhesion, and themechanisms
of nanoparticle absorption. In order to correctly interpret the re-
sults and successfully translate nanomedicine into clinical prac-
tice, it is essential to gain a comprehensive understanding of the
interaction between nanoparticles and both healthy and inflamed
colon tissue.

9. Challenges of Translation into Clinical Practice

The majority of commercially available (53%) or in-clinical trial
nanomedicines are designed for cancer therapy. In contrast, only
5% of nanomedicines are intended for use in the treatment of
immunological diseases.[211,212] Certolizumab pegol (Cimzia) is
one of the few examples of a humanized antigen-binding frag-
ment (Fab’) of a PEG-conjugated monoclonal antibody approved
for the treatment of Crohn’s disease.[17,213] Given the advantages
of polymeric systems, there was a slight increase in the number
of clinical trials utilizing polymers in drug delivery between the
periods 2016–2021 and 2002–2016, respectively.[214]

It is important to note that the recent outbreak of the SARS-
CoV-2 virus and development of a nanoparticle-based vaccine
had a considerable impact on the global nanomedicine industry.
Despite the visible achievements and progress toward the devel-
opment of new drug delivery systems, a number of issues per-
sist within the field of nanomedicine. The absence of uniform
nomenclature for nanoparticles, the absence of agreed regulatory
guidelines, the absence of adequate characterization, nanopar-
ticle stability, their scale-up for manufacturing, investigation of
nanoparticle interactions not under real physiological conditions,
and systemic biodistribution are the principal challenges associ-
ated with nanomedicine regulation. These challenges result in a
low level of clinical translation.[215,216]

Furthermore, limitations of existing animal models of IBD ex-
plain the challenges in clinical translation. For example, the DSS
colitis model mimics acute inflammation, which is not represen-
tative of the chronic inflammation observed in patients with UC.
Consequently, the acute colitis model restricts the understanding
of nanomedicine efficacy and the interpretation of the results.[168]

It is crucial to accurately interpret the results from animal ex-
periments, understand the differences between animal and hu-
man physiology and predict the effect of drug-loaded nanoparti-
cles during real chronic inflammation. This will lead to the suc-
cessful clinical translation of promising nanomedicines. It must
be acknowledged that IBD is a complex disorder, and it is ex-
tremely challenging to create an appropriately representative IBD
model in laboratory settings. To overcome the clinical transla-
tion issue, a reliable model must be established that more closely
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represents the pathophysiology of IBD. Therefore, the establish-
ment and implementation of a novel alternative model, a com-
bination of different and alternative approaches, will undoubt-
edly lead to improved results interpretation and further success-
ful clinical translation. The most useful alternative models are
gut organoids developed from patients or animal biopsies,[217–220]

ex vivo techniques with utilization of patients’ tissue Ussing
chambers[19,21,145] or precision-cut intestinal slices.[221,222] Confir-
mation of drug-loaded nanoparticles’ efficacy in pathophysiolog-
ical models that more closely resemble human diseases may fa-
cilitate the introduction of promising nanomedicine into clinical
practice.
As nanomedicine is an interdisciplinary field, there are

methodological reliability and reproducibility issues that need to
be addressed.[223] The utilization of unsuitable analytical method-
ologies for nanoparticle characterization is a significant factor
contributing to the low rates of clinical translation. It is a com-
mon assumption that the implementation of quality system reg-
ulations, such as those set forth by the European Medicines
Agency (EMA) and FDA, as well as good manufacturing prac-
tice (GMP) and good laboratory practice (GLP) regulations, is
an unnecessary investment of resources in the academic set-
ting. However, the benefits of developing reliable and repro-
ducible nanomaterials with high clinical translation rates are
indisputable.[223–227] A “minimum information standard” has
been proposed for experimental bio-nano interactions, encom-
passingmaterial characterization, biological characterization and
details of experimental protocols. This could facilitate improved
reproducibility, quantitative comparisons of nanoparticles and
further support in silico modeling.[228] Recently, Joyce and col-
leagues proposed the translational DELIVER framework to pro-
mote nanomedicines to the clinic.[229] During the development
of nanomedicine, it is essential to define the nanoparticle proper-
ties and functionality for the IBD treatment. This should include
consideration of the compatibility of the drug and polymer, toxic-
ity, and biocompatibility. Additionally, a final formulation must
be defined in accordance with the route of administration.[229]

The application of machine learning and artificial intelligence
has the potential to enhance the prediction of risks associated
with the formulation of nanoparticles, thereby facilitating their
clinical translation in the future.[230,231]

Furthermore, in order to ensure the successful clinical trans-
lation of promising nanomaterials, a comprehensive investiga-
tion of adsorption, distribution, metabolism, and elimination
(ADME) must be undertaken. The biocompatible nanoparti-
cles can easily penetrate cell membranes, placental and blood-
brain barriers. Therefore, it is critical to understand the fate
of nanoparticles and their ADME in order to ensure the safety
of nanomedicine. Additionally, it is essential to examine the
first-pass effect of the released drug in the targeted inflamed
colon.[23,36,117,232,233] Moreover, the safety and immunogenicity of
nanoparticles must be considered at an early stage of the devel-
opment process. The recent widespread use of PEGylated mRNA
vaccines resulted in the development of PEG immunogenicity,
characterized by an increase in anti-PEG IgM formation.[234–236]

The example of interspecies differences in PEG immunogenic-
ity illustrates the significant challenges associated with the pre-
diction of the safety of novel polymers.[234] Furthermore, the
size, morphology, surface charge, and surface modification of

nanoparticles influence their pharmacokinetic and toxicological
profiles.[237,238] An additional factor that must be taken into con-
sideration with regard to polymeric micelles is the crosslinked
density. It has previously been demonstrated that nanoparticles
with low crosslinking density in the core or shell are able to trig-
ger an immune response.[239,240] Therefore, in order to create a
more complex systemwith a hybrid targeted approach, it is essen-
tial to consider the balance between the complicity of nanopar-
ticles and their toxicity. Ensuring the safety of nanoparticles is a
fundamental aspect of their development and implementation in
clinical settings.
The above issues must be resolved to successfully translate

nanomedicine from laboratory bench to the clinic. To overcome
these issues, a deep and tight collaboration between chemists, bi-
ologists, physicians, physicists and computer scientists is essen-
tial. Scientists must be aware of the entire process of translating
nanomedicine to the clinic to ensure the best possible outcome.
With a vast number of new materials emerging almost daily, it is
critical to address the key characteristics of nanoparticles in order
to achieve sufficient targeted drug delivery to patients with IBD. It
is essential to establish open communication between scientists,
representatives of GMP manufacturers, preclinical and clinical
studies. Open interdisciplinary discussion and analysis of failed
clinical trials will undoubtedly benefit the nanomedicine.

10. Conclusion

There is a clear need for the development of new and alterna-
tive strategies for the management of IBD treatment. The cur-
rent medication is unable to adequately treat the inflammation
without causing significant adverse effects. Drug delivery sys-
tems represent a potential alternative approach for the treatment
of IBD. Nanoparticles can be used to deliver therapeutic agents,
such as corticosteroids,mRNA, and biologicalmediators, directly
to sites of inflammation. This reduces unspecific interactions
with healthy tissue, thereby preventing the drug-related side ef-
fects. The fabrication of nanoparticles requires consideration of
the pathophysiological alterations of the GI tract that occur dur-
ing IBD. These alterations include changes in microflora, pH,
intraluminal pressure, transit time, ROS production, the disrup-
tion of the epithelial barrier, and the emergence of a distinctive
pattern of receptors on the surface of cells.
Polymeric nanoparticles represent a promising approach to

drug delivery, offering numerous advantages and perspectives.
The potential for polymeric nanoparticles is based on their well-
tailored size, shape and stimuli responsiveness. Moreover, the
surface of these nanoparticles can be modified to increase spe-
cific targeting. Furthermore, hydrophilic and hydrophobic drugs
could be encapsulatedwith high loading efficiency into polymeric
nanoparticles, including proteins and nucleic acids.[16] Signifi-
cant progress has been made in the development of polymeric
nanoparticles, characterized by notable variations in their surface
ligands, dimensions, shapes, and shell structures. A significant
number of recent studies have employed the incorporation of
ROS/pH sensitivity (56%). Over the past five years,≈26% of stud-
ies have focused on the implementation of the receptor-mediated
targeting and eERP effect. It is likely that the implementation
of multiple targeted strategies could facilitate a more successful
translation of polymeric nanoparticles to clinical practice. Table 3
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Table 3. Comparison of targeted strategies of polymeric nanoparticles for IBD treatment.

Mechanism Advantages Limitations and issues Ref.

Electrostatic
interactions

✓ Improved drug contact with mucosal surfaces
✓ Increased nanoparticles retention
✓ Improved drug pharmacokinetics

• Passive targeting
• Nonspecific interactions with healthy intestine
• Limited targeted properties
• Not suitable for intracellular delivery

[241,242]

Receptor-mediated ✓ Active targeting
✓ Enhanced selective drug delivery

• Need for identification, and development of high specific
receptors and ligands correlated with IBD

• Need to shield the targeting ligands and its de-shielding
only at the target site

[16,26]

ROS-responsive ✓ Efficient site-specific drug release
✓ Drug release in specific intestinal segments regarding

pH

• Limited information regarding the real level of ROS in
colon tissue during IBD and required concentration of
ROS to achieve effective drug release

• Passive targeting

[26]

pH-responsive ✓ Protection of premature drug release
✓ Drug release in specific intestinal segments regarding

pH
✓ Efficient site-specific drug release

• Drug release in the whole segment of the GIT with regard
to pH change

• Non-specific targeting for inflamed tissue
• Different pH level in UC and CD, in active and remission

stage of IBD

[26,87]

Epithelial enhanced
permeability effect

✓ Primary passive method
✓ Accumulation of nanoparticles in the inflamed part of

the GIT

• Limitation due to passive targeting
• Uncontrollable drug release

[241]

Multiresponse ✓ Enhanced selective drug delivery
✓ More accurate and precise approach

• Complex drug release mechanism
• Complex nanoparticle design

[241,243]

provides an overview of the key advantages and limitations asso-
ciated with each targeted strategy of polymeric nanoparticles for
IBD treatment.
The aim of this review is to combine the novel research

progress achieved in this topic over the past five years. This re-
view is intended to assist scientists in optimizing their drug de-
livery systems and ultimately developing a new generation of
nanoparticles for the treatment of patients with IBD. The suc-
cessful fabrication of drug delivery systems for the treatment of
IBD requires the consideration of several factors. These include
the ability of the system to resist multiple stimulations in an
inflamed colon, the size of the nanoparticles, their shape, their
surface charge, and ligand modification. Additionally, the patho-
physiology of IBDmust be taken into account during the research
and development process. Despite the existence of a vast number
of polymeric materials with various promising characteristics,
the development of a drug delivery system that can improve the
quality of life of IBD patients remains a significant unmet need.
Nevertheless, recent positive results and progress in the targeted
delivery of smallmolecules, biologics, and nucleic acids to the site
of inflammation indicate that the development of nanomedicines
for IBD patient is likely to be highly rewarding soon. Understand-
ing the challenges faced by polymeric nanoparticles in targeting
inflamed tissue in IBD patients could help to develop more effec-
tive delivery systems.

Acknowledgements
This work was financially supported by the DFG-funded Collaborative Re-
search Centre PolyTarget (Project-ID: 316213987 – SFB 1278; project A05).
JCB further thanks the DFG for funding within the Heisenberg Programme
(Project-ID: 517761335).

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
E.G. conceptualized, planned, wrote the manuscript, and made the illus-
trations. J.C.B. and A.S. supervised and edited the manuscript.

Keywords
active targeting, clinical translation, drug delivery, intestinal barrier dys-
function, nanomedicine

Received: October 2, 2024
Revised: December 17, 2024

Published online:

[1] S. C. Ng, H. Y. Shi, N. Hamidi, F. E. Underwood, W. Tang, E. I.
Benchimol, R. Panaccione, S. Ghosh, J. C. Y. Wu, F. K. L. Chan, J.
J. Y. Sung, G. G. Kaplan, Lancet 2017, 390, 2769.

[2] G. G. Kaplan, J. W. Windsor, Nat. Rev. Gastroenterol. Hepatol. 2021,
18, 56.

[3] A. Stallmach, R. Atreya, P. C. Grunert, J. Stallhofer, J. de Laffolie, C.
Schmidt, Dtsch. Arztebl. Int. 2023, 120, 768.

[4] T. Kobayashi, B. Siegmund, C. Le Berre, S. C. Wei, M. Ferrante,
B. Shen, C. N. Bernstein, S. Danese, L. Peyrin-Biroulet, T. Hibi, U.
colitis, Nat. Rev. Dis. Primers 2020, 6, 74.

Adv. Therap. 2025, 2400439 2400439 (13 of 17) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400439, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

[5] G. G. Kaplan, S. C. Ng, Gastroenterology 2017, 152, 313.
[6] H. S. P. de Souza, C. Fiocchi, D. Iliopoulos, Nat. Rev. Gastroenterol.

Hepatol. 2017, 14, 739.
[7] C. Schmidt, P. C. Grunert, A. Stallmach, Front. Pharmacol. 2021, 12,

655054.
[8] B. Barberio, D. J. Gracie, C. J. Black, A. C. Ford, Gut 2023, 72, 264.
[9] Z. Cai, S. Wang, J. Li, Front. Med. 2021, 8, 765474.
[10] P. G. Kotze, S. Vermeire, Nat. Rev. Gastroenterol. Hepatol. 2023.
[11] A. Stallmach, S. Hagel, T. Bruns, Best Pract. Res. Clin. Gastroenterol.

2010, 24, 167.
[12] W. A. Faubion, Jr., E. V. Loftus, Jr., W. S. Harmsen, A. R. Zinsmeister,

W. J. Sandborn, Gastroenterology 2001, 121, 255.
[13] A. Stallmach, S. Hagel, A. Gharbi, U. Settmacher, M. Hartmann, C.

Schmidt, T. Bruns, J. Crohn’s Colitis 2011, 5, 177.
[14] C. A. Lamb, A. Saifuddin, N. Powell, F. Rieder,Gastroenterology 2022,

162, 1525.
[15] A. Kaur, P. Goggolidou, J. Inflamm. 2020, 17, 15.
[16] M. A. Beach, U. Nayanathara, Y. Gao, C. Zhang, Y. Xiong, Y. Wang,

G. K. Such, Chem. Rev. 2024, 124, 5505.
[17] M. J. Mitchell, M. M. Billingsley, R. M. Haley, M. E. Wechsler, N. A.

Peppas, R. Langer, Nat. Rev. Drug Discov. 2021, 20, 101.
[18] S. S. Hua, Front. Pharmacol. 2020, 11.
[19] C. Lautenschlager, C. Schmidt, C. M. Lehr, D. Fischer, A. Stallmach,

Eur. J. Pharm. Biopharm. 2013, 85, 578.
[20] A. Watanabe, H. Tanaka, Y. Sakurai, K. Tange, Y. Nakai, T. Ohkawara,

H. Takeda, H. Harashima, H. Akita, Int. J. Pharm. 2016, 509, 118.
[21] E. Gardey, Z. Cseresnyes, F. H. Sobotta, J. Eberhardt, D. Haziri, P.

C. Grunert, M. T. Kuchenbrod, F. V. Gruschwitz, S. Hoeppener, M.
Schumann, N. Gaßler, M. T. Figge, A. Stallmach, J. C. Brendel, Small
2024, 20, e2306482.

[22] A. A. H. Abdellatif, A. F. Alsowinea,Nanotechnol. Rev. 2021, 10, 1941.
[23] S. Sharma, R. Parveen, B. P. Chatterji, Curr. Pathobiol. Rep. 2021, 9,

133.
[24] G. Unnikrishnan, A. Joy, M. Megha, E. Kolanthai, M. Senthilkumar,

Discover Nano 2023, 18, 157.
[25] Q. Li, L. Lin, C. Zhang, H. Zhang, Y. Ma, H. Qian, X. L. Chen, X.

Wang, J. Nanobiotechnol. 2024, 22, 17.
[26] B. Zheng, L. Wang, Y. Yi, J. Yin, A. Liang, Asian J. Pharm. Sci. 2024,

19, 100943.
[27] X. Liang, K. Wen, Y. Chen, G. Fang, S. Yang, Q. Li, Int. J. Nanomed.

2022, 17, 4843.
[28] Y. Xu, B. W. Zhu, X. Li, Y. F. Li, X. M. Ye, J. N. Hu, Biomaterials 2022,

280, 121077.
[29] J. Feng, Y. Wang, Y. Lv, S. Fang, M. Ren, M. Yao, M. Lan, Y. Zhao, F.

Gao,Mol. Pharm. 2022, 19, 4157.
[30] T. T. Nguyen, N. T. Trinh, H. N. Tran, H. T. Tran, P. Q. Le, D. N. Ngo,

H. Tran-Van, T. Van Vo, L. B. Vong, Y. Nagasaki, J. Control. Release
2021, 331, 515.

[31] J. M. Soni, M. N. Sardoiwala, S. R. Choudhury, S. S. Sharma, S.
Karmakar,Mater. Sci. Eng. C: Mater. Biol. Appl. 2021, 124, 112038.

[32] Y. Xu, J. Huang, Y. Fan, H. Long, M. Liang, Q. Chen, Z. Wang, C. Wu,
Y. Wang, Int. J. Nanomed. 2022, 17, 5303.

[33] T. Liu, P. Pan, H. Shi, J. Feng, X.-Z. Zhang, J. Polym. Sci. 2024, 62,
297.

[34] C. Zhang, F. Zeng, Z. Fan, Z. He, L. Tai, Q. Peng, Y. Zhang, Z. Chao,
W. Jiang, L. Jia, L. Han, Acta Biomater. 2023, 169, 422.

[35] L. Wang, G. Chen, Y. Yang, C. Xu, L. Zhu, H. Yang, M. Yu, J. Inflamm.
Res. 2024, 17, 9889.

[36] S. Li, H. Zhang, K. Chen, M. Jin, S. H. Vu, S. Jung, N. He, Z. Zheng,
M.-S. Lee, Drug Delivery 2022, 29, 1142.

[37] I. B. C. Lima, L. C. G. A. I. Moreno, E. C. Silva, J. M. Irache, F. J.
B. Veiga, H. M. L. Rolim, L. C. C. Nunes, J. Drug Deliv. Sci. Technol.
2021, 64.

[38] S. Yener, K. G. Akbulut, R. Karakus, D. Erdogan, F. Acartürk, J. Drug
Deliv. Sci. Tecnol. 2022, 67.

[39] L. Corrie, M. Gulati, A. Awasthi, S. Vishwas, J. Kaur, R. Khursheed,
O. Porwal, A. Alam, S. R. Parveen, H. Singh, D. K. Chellappan, G.
Gupta, P. Kumbhar, J. Disouza, V. Patravale, J. Adams, K. Dua, S. K.
Singh, Chem. Biol. Interact. 2022, 368, 110238.

[40] Y. Pu, X. Fan, Z. Zhang, Z. Guo, Q. Pan, W. Gao, K. Luo, B. He, J.
Control. Release 2023, 354, 1.

[41] H. D. Jhundoo, T. Siefen, A. Liang, C. Schmidt, J. Lokhnauth, A.
Beduneau, Y. Pellequer, C. C. Larsen, A. Lamprecht, Pharmaceutics
2020, 12, 1038.

[42] F. Soltani, H. Kamali, A. Akhgari, M. Ghasemzadeh Rahbardar, H.
Afrasiabi Garekani, A. Nokhodchi, F. Sadeghi, Pharmaceutics 2022,
15.

[43] M. Sohail, Mudassir, M. U. M., S. Khan, Z. Hussain, M. deMatas, S.
A. Shah, S. Khan, M. Kousar, K. Ullah, Drug Deliv. Transl. Res. 2019,
9, 595.

[44] Q. Q. Fan, Z. Yang, Y. H. Li, Y. Y. Cheng, Y. W. Li, Adv. Funct. Mater.
2021, 31.

[45] F. H. Sobotta, M. Kuchenbrod, S. Hoeppener, J. C. Brendel,
Nanoscale 2020, 12, 20171.

[46] M. Ghezzi, S. Pescina, C. Padula, P. Santi, E. Del Favero, L. Cantu,
S. Nicoli, J. Controlled Release 2021, 332, 312.

[47] P. Chaubey, M. Momin, S. Sawarkar, Front. Pharmacol. 2019, 10,
1628.

[48] A. Nikam, P. R. Sahoo, S. Musale, R. R. Pagar, A. C. Paiva-Santos, P.
S. Giram, Pharmaceutics 2023, 15.

[49] Z. Tu, Y. Zhong, H. Hu, D. Shao, R. Haag, M. Schirner, J. Lee, B.
Sullenger, K. W. Leong, Nat. Rev. Mater. 2022, 7, 557.

[50] A. Y. Abuhelwa, D. B. Williams, R. N. Upton, D. J. Foster, Eur. J.
Pharm. Biopharm. 2017, 112, 234.

[51] J. Lou, H. Duan, Q. Qin, Z. Teng, F. Gan, X. Zhou, X. Zhou, Pharma-
ceutics 2023, 15.

[52] X. Cai, X. Wang, M. He, Y. Wang, M. Lan, Y. Zhao, F. Gao, Int. J.
Pharm. 2021, 606, 120836.

[53] C. Maderuelo, J. M. Lanao, A. Zarzuelo, Eur. J. Pharm. Sci. 2019, 138,
105019.

[54] L. Sun, J. Ouyang, F. Zeng, S. Wu, Biomaterials 2022, 283, 121468.
[55] S. K. Jain, A. K. Jain, K. Rajpoot, Curr. Drug Deliv. 2020, 17, 448.
[56] Y. Turanli, F. Acarturk, Eur. J. Pharm. Sci. 2022, 171, 106122.
[57] C. Curcio, A. S. Greco, S. Rizzo, L. Saitta, T. Musumeci, B. Ruozi, R.

Pignatello, Pharmaceuticals 2020, 13, 131.
[58] S. H. Lee, R. Bajracharya, J. Y. Min, J. W. Han, B. J. Park, H. K. Han,

Pharmaceutics 2020, 12.
[59] S. Qi, R. Luo, X. Han, W. Nie, N. Ye, C. Fu, F. Gao, ACS Appl. Mater.

Interfaces 2022, 14, 50692.
[60] Y. Zhao, Y. Yao, S. Fan, X. Shen, X. Chai, Z. Li, J. Zeng, J. Pi, Z. Zhou,

G. Huang, H. Jin, J. Tissue Eng. 2024, 15, 20417314241265892.
[61] L. Wang, R. Fu, Y. Meng, J. Liang, W. Xue, H. Hu, J. Meng, M. Zhang,

Mol. Nutr. Food Res. 2024, 68, e2300051.
[62] W. L. Bao, Q. Wu, B. Hu, D. Sun, S. Zhao, X. Shen, H. Cheng, W.

Shen, Int. J. Nanomed. 2021, 16, 345.
[63] M. Tollemeto, S. Ursulska, P. L. W. Welzen, L. H. E. Thamdrup, A.

Malakpour Permlid, Y. Li, G. Soufi, T. Patino Padial, J. B. Christensen,
L. Hagner Nielsen, J. van Hest, A. Boisen, Small 2024, e2403640.

[64] F. Lei, F. Zeng, X. Yu, Y. Deng, Z. Zhang, M. Xu, N. Ding, J. Tian, C.
Li, J. Nanobiotechnol. 2023, 21, 275.

[65] G. C. Hansson, Annu. Rev. Biochem. 2020, 89, 769.
[66] Y. Nakamura, S. Kimura, K. Hase, Inflamm. Regener. 2018, 38, 15.
[67] M. A. Islam, J. Firdous, A. Z. M. Badruddoza, E. Reesor, M. Azad,

A. Hasan, M. Lim, W. Cao, S. Guillemette, C. S. Cho, Biomaterials
2019, 192, 75.

[68] S. H. Kim, K. Y. Lee, Y. S. Jang, Immune Netw. 2012, 12, 165.

Adv. Therap. 2025, 2400439 2400439 (14 of 17) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400439, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

[69] N. Kobayashi, D. Takahashi, S. Takano, S. Kimura, K. Hase, Front.
Immunol. 2019, 10.

[70] J. Leal, H. D. C. Smyth, D. Ghosh, Int. J. Pharmaceut. 2017, 532, 555.
[71] D. Boltin, T. T. Perets, A. Vilkin, Y. Niv, J. Clin. Gastroenterol. 2013,

47, 106.
[72] J. K. Gustafsson, M. E. V. Johansson, Nat. Rev. Gastroenterol. Hepa-

tol. 2022, 19, 785.
[73] Y. Yun, Y. W. Cho, K. Park, Adv. Drug Deliv. Rev. 2013, 65, 822.
[74] S. K. Lai, Y. Y. Wang, D. Wirtz, J. Hanes, Adv. Drug Deliv. Rev. 2009,

61, 86.
[75] C. M. Wang, M. T. Fernez, B. M. Woolston, R. L. Carrier, Adv. Drug

Deliv. Rev. 2023, 200, 114966.
[76] P. Schattling, E. Taipaleenmäki, Y. Zhang, B. Städler, Macromol.

Biosci. 2017, 17.
[77] H. Sato, K. Yamada, M. Miyake, S. Onoue, Pharmaceutics 2023, 15.
[78] D. A. Subramanian, R. Langer, G. Traverso, J. Nanobiotechnol. 2022,

20, 362.
[79] X. Yang, K. Forier, L. Steukers, S. Van Vlierberghe, P. Dubruel,

K. Braeckmans, S. Glorieux, H. J. Nauwynck, PLoS One 2012, 7,
e51054.

[80] J. Fang, H. Wang, Y. Zhou, H. Zhang, H. Zhou, X. Zhang, Exp. Mol.
Med. 2021, 53, 772.

[81] V. Singh, K. Johnson, J. Yin, S. Lee, R. Lin, H. Yu, J. In, J. Foulke-
Abel, N. C. Zachos, M. Donowitz, Y. Rong, Cell Mol. Gastroenterol.
Hepatol. 2022, 13, 219.

[82] J. A. Grondin, Y. H. Kwon, P. M. Far, S. Haq, W. I. Khan, Front. Im-
munol. 2020, 11, 2054.

[83] Y. Kang, H. Park, B. H. Choe, B. Kang, Front. Med. 2022, 9, 848344.
[84] J. M. H. Larsson, H. Karlsson, J. G. Crespo, M. E. V. Johansson,

L. Eklund, H. Sjövall, G. C. Hansson, Inflammatory Bowel Diseases
2011, 17, 2299.

[85] E. Bankole, E. Read, M. A. Curtis, J. F. Neves, J. A. Garnett, J. Clin.
Med. 2021, 10.

[86] C. E. Wagner, K. M. Wheeler, K. Ribbeck, Annu. Rev. Cell Dev. Biol.
2018, 34, 189.

[87] S. G. Nugent, D. Kumar, D. S. Rampton, D. F. Evans, Gut 2001, 48,
571.

[88] N. Ijssennagger, R. van der Meer, S. W. C. van Mil, Trends Mol. Med.
2016, 22, 190.

[89] C. Song, Z. Chai, S. Chen, H. Zhang, X. Zhang, Y. Zhou, Exp. Mol.
Med. 2023, 55, 681.

[90] A. E. Dorofeyev, I. V. Vasilenko, O. A. Rassokhina, R. B. Kondratiuk,
Gastroenterol. Res. Pract. 2013, 2013, 431231.

[91] Q. Xu, L. M. Ensign, N. J. Boylan, A. Schon, X. Gong, J. C. Yang, N.
W. Lamb, S. Cai, T. Yu, E. Freire, J. Hanes, ACS Nano 2015, 9, 9217.

[92] N. Shrestha, Y. Xu, J. R. C. Prevost, F. McCartney, D. Brayden, R.
Frederick, A. Beloqui, V. Preat, Acta Biomater. 2022, 140, 561.

[93] J. T. Huckaby, S. K. Lai, Adv. Drug Delivery Rev. 2018, 124, 125.
[94] M. Yang, S. K. Lai, Y. Y. Wang, W. Zhong, C. Happe, M. Zhang, J. Fu,

J. Hanes, Angew. Chem., Int. Ed. Engl. 2011, 50, 2597.
[95] Y. Y. Wang, S. K. Lai, J. S. Suk, A. Pace, R. Cone, J. Hanes, Angew.

Chem., Int. Ed. Engl. 2008, 47, 9726.
[96] S. Hu, Z. Yang, S. Wang, L. Wang, Q. He, H. Tang, P. Ji, T. Chen,

Chem. Eng. J. 2022, 428, 132107.
[97] K. Liu, Y. Chen, D. Yang, Y. Cai, Z. Yang, J. Jin, ACS Appl. Mater. In-

terfaces 2023, 20, 2402882.
[98] W. Shan, X. Zhu, W. Tao, Y. Cui, M. Liu, L. Wu, L. Li, Y. Zheng, Y.

Huang, ACS Appl. Mater. Interfaces 2016, 8, 25444.
[99] W. Fan, Q. Wei, J. Xiang, Y. Tang, Q. Zhou, Y. Geng, Y. Liu, R. Sun, L.

Xu, G. Wang, Y. Piao, S. Shao, Z. Zhou, J. Tang, T. Xie, Z. Li, Y. Shen,
Adv. Mater. 2022, 34, 2109189.

[100] Y.-F. Li, V. Udayakumar, M. Sathuvan, Y. Liu, X. Liu, Y.-Q. Zhang, W.-
Y. Ma, W. Zhang, S. Tang, K.-L. Cheong, Carbohydr. Polym. 2022, 278,
118898.

[101] Y. Huang, B. S. B. Canup, S. Gou, N. Chen, F. Dai, B. Xiao, C. Li, J.
Mater. Chem. B 2021, 9, 1604.

[102] Q. Chen, S. Gou, P. Ma, H. Song, X. Zhou, Y. Huang, M. Kwon Han,
Y. Wan, Y. Kang, B. Xiao, Int. J. Pharm. 2019, 557, 135.

[103] X. Zhou, Y. Liu, Y. M. Huang, Y. Ma, J. Lv, B. Xiao, J. Drug Deliv. Sci.
Technol. 2019, 52, 157.

[104] W. Zhang, C. B. Michalowski, A. Beloqui, Front. Bioeng. Biotechnol.
2021, 9, 675194.

[105] E. Harel, A. Rubinstein, A. Nissan, E. Khazanov,M.NadlerMilbauer,
Y. Barenholz, B. Tirosh, PLoS One 2011, 6, e24202.

[106] B. Tirosh, N. Khatib, Y. Barenholz, A. Nissan, A. Rubinstein, Mol.
Pharm. 2009, 6, 1083.

[107] N. G. Kotla, R. Singh, B. V. Baby, S. Rasala, J. Rasool, S. O. Hynes,
D. Martin, L. J. Egan, P. K. Vemula, V. R. Jala, Y. Rochev, A. Pandit,
Biomaterials 2022, 281, 121364.

[108] R. Nagashima, J. Clin. Gastroenterol. 1981, 3, 117.
[109] T. T. Jubeh, Y. Barenholz, A. Rubinstein, Pharm. Res. 2004, 21, 447.
[110] S. Hu, R. Zhao, Y. Xu, Z. Gu, B. Zhu, J. Hu, J. Mater. Chem. B 2024,

12, 13.
[111] M. Zeeshan, H. Ali, S. Khan, M. Mukhtar, M. I. Khan, M. Arshad,

Nanomedicine 2019, 14, 1945.
[112] H. Sato, Y. Kaneko, K. Yamada, K. D. Ristroph, H. D. Lu, Y. Seto,

H. K. Chan, R. K. Prud’homme, S. Onoue, J. Pharm. Sci. 2020, 109,
1079.

[113] K. Dong, S. J. Deng, B. Y. He, Z. Y. Guo, Z. L. Guan, X. Leng, R. R.
Ma, D. Y. Wang, J. F. Xing, C. Y. You, Drug Des. Dev. Ther. 2023, 17,
191.

[114] N. Wang, L. Y. Shao, W. J. Lu, W. Y. Fang, Q. Zhang, L. F. Sun, S. Gao,
Q. Y. Zhu, S. Q. Chen, R. F. Hu, J. Drug Deliv. Sci. Technol. 2022, 74.

[115] Y. Zou, F. Yan, R. Tong, M. Mo, Z. Li, J. Polym. Sci. 2024, 62, 4341.
[116] H. He, Q. Qin, F. Xu, Y. Chen, S. Rao, C. Wang, X. Jiang, X. Lu, C.

Xie, Sci. Adv. 2023, 9, eadf3887.
[117] X. Wang, J. Yan, L. Wang, D. Pan, Y. Xu, F. Wang, J. Sheng, X. Li, M.

Yang, Theranostics 2020, 10, 10808.
[118] A. N. Anbazhagan, S. Priyamvada, W. A. Alrefai, P. K. Dudeja, Tissue

Barriers 2018, 6, e1463897.
[119] L. D. Li, T. Crouzier, A. Sarkar, L. Dunphy, J. Han, K. Ribbeck,Biophys.

J. 2013, 105, 1357.
[120] L. Wu, W. Shan, Z. Zhang, Y. Huang, Adv. Drug Delivery Rev. 2018,

124, 150.
[121] S. P. Bandi, S. Bhatnagar, V. V. K. Venuganti, Acta Biomater. 2021,

119, 13.
[122] I. A. Sogias, A. C. Williams, V. V. Khutoryanskiy, Biomacromolecules

2008, 9, 1837.
[123] J. Zhang, A. Ou, X. Tang, R. Wang, Y. Fan, Y. Fang, Y. Zhao, P. Zhao,

D. Chen, B. Wang, Y. Huang, J. Nanobiotechnol. 2022, 20, 389.
[124] Y. Xie, Z. Jin, D. Ma, T. H. Yin, K. Zhao, Bioeng. Transl. Med. 2023, 8,

e10510.
[125] A. T. Rahman, J. Shin, C.-H. Whang, W. Jung, D. Yoo, C. Seo, B.-K.

Cho, S. Jon, ACS Nano 2023, 17, 10996.
[126] H. Ibaraki, N. Hatakeyama, A. Takeda, N. Arima, T. Kanazawa, J.

Drug Deliv. Sci. Technol. 2022, 73.
[127] A. D. Rusu, M. Georgiou, Open Biol. 2020, 10, 190278.
[128] T. Otani, M. Furuse, Trends Cell Biol. 2020, 30, 805.
[129] N. Wibbe, K. Ebnet, Cells 2023, 12, 1935.
[130] C. T. Capaldo, Int. J. Mol. Sci. 2023, 24, 8562.
[131] S. Mehandru, J. F. Colombel, Nat. Rev. Gastroenterol. Hepatol. 2021,

18, 83.
[132] W. Turpin, S. H. Lee, J. A. Raygoza Garay, K. L. Madsen, J. B.

Meddings, L. Bedrani, N. Power, O. Espin-Garcia, W. Xu, M. I.
Smith, A. M. Griffiths, P. Moayyedi, D. Turner, E. G. Seidman, A.
H. Steinhart, J. K. Marshall, K. Jacobson, D. Mack, H. Huynh, C. N.
Bernstein, A. D. Paterson, K. Croitoru, Gastroenterology 2020, 159,
2092.

Adv. Therap. 2025, 2400439 2400439 (15 of 17) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400439, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

[133] J. F. Burgueño, M. T. Abreu, Nat. Rev. Gastroenterol. Hepatol. 2020,
17, 263.

[134] J. V. Patankar, C. Becker, Nat. Rev. Gastroenterol. Hepatol. 2020, 17,
543.

[135] D.-f. Li, M.-f. Yang, H.-m. Xu, M.-z. Zhu, Y. Zhang, C.-m. Tian, Y.-q.
Nie, J.-y. Wang, Y.-j. Liang, J. Yao, L.-s. Wang, J. Mater. Chem. B 2022,
10, 5853.

[136] A. Lamprecht, Nat. Rev. Gastro Hepat. 2015, 12, 195.
[137] C. Lautenschlager, C. Schmidt, D. Fischer, A. Stallmach, Adv. Drug

Deliv. Rev. 2014, 71, 58.
[138] A. Lamprecht, Nat. Rev. Gastroenterol. Hepatol. 2010, 7, 311.
[139] B. Xiao, Z. Xu, E. Viennois, Y. Zhang, Z. Zhang, M. Zhang, M. K.

Han, Y. Kang, D. Merlin,Mol. Ther. 2017, 25, 1628.
[140] W. Liu, L. Zhang, Z. Dong, K. Liu, H. He, Y. Lu, W. Wu, J. Qi, Nano

Res. 2022, 15, 9243.
[141] Y. Xu, B. W. Zhu, R. Sun, X. Li, D. Wu, J. N. Hu, ACS Appl. Mater.

Interfaces 2023, 15, 26298.
[142] F. Yasmin, H. Najeeb, S. Shaikh, M. Hasanain, U. Naeem, A.Moeed,

T. Koritala, S. Hasan, S. Surani, World J. Gastroenterol. 2022, 28,
1922.

[143] E. Quansah, E. Gardey, A. Ramoji, T. Meyer-Zedler, B. Goehrig, A.
Heutelbeck, S. Hoeppener, M. Schmitt, M. Waldner, A. Stallmach,
J. Popp, Sci. Rep. 2023, 13, 2681.

[144] A. Lamprecht, U. Schafer, C. M. Lehr, Pharm. Res. 2001, 18,
788.

[145] C. Schmidt, C. Lautenschlaeger, E. M. Collnot, M. Schumann, C.
Bojarski, J. D. Schulzke, C. M. Lehr, A. Stallmach, J. Control Release
2013, 165, 139.

[146] N. Kapate, J. R. Clegg, S. Mitragotri, Adv. Drug Deliv. Rev. 2021, 177,
113807.

[147] A. Banerjee, J. Qi, R. Gogoi, J. Wong, S. Mitragotri, J. Control. Release
2016, 238, 176.

[148] Y. Zhou, D. Gao, Y. Wang, L. Liang, Q. Zhang, W. Han, J. Wang, C.
Zhu, X. Zhang, Y. Gan, Chin. Chem. Lett. 2024, 35, 108967.

[149] R. Ridolfo, J. J. Arends, J. C. M. van Hest, D. S. Williams, Biomacro-
molecules 2020, 21, 2199.

[150] P. Lagarrigue, F. Moncalvo, F. Cellesi, Pharmaceutics 2023, 15, 32.
[151] S. Ashique, N. Mishra, A. Garg, B. Z. Sibuh, P. Taneja, G. Rai,

S. Djearamane, L. S. Wong, N. Al-Dayan, S. Roychoudhury, K. K.
Kesari, P. Slama, S. Roychoudhury, P. K. Gupta, Front. Nutr. 2023,
10, 1126579.

[152] E. Alemany-Cosme, E. Saez-Gonzalez, I. Moret, B. Mateos, M.
Iborra, P. Nos, J. Sandoval, B. Beltran, Microbiota, External Environ.
Factors, Epigenetics, Antioxidants-Basel 2021, 10, 64.

[153] E. L. Campbell, S. P. Colgan, Nat. Rev. Gastro. Hepat. 2019, 16, 106.
[154] J. Ni, G. D. Wu, L. Albenberg, V. T. Tomov, Nat. Rev. Gastro Hepat.

2017, 14, 573.
[155] T. Tian, Z. Wang, J. Zhang, Oxid. Med. Cell Longev. 2017, 2017,

4535194.
[156] A. R. Bourgonje, M. Feelisch, K. N. Faber, A. Pasch, G. Dijkstra, H.

van Goor, Trends Mol. Med. 2020, 26, 1034.
[157] Y. Yu, X. Zhao, X. Xu, C. Cai, X. Tang, Q. Zhang, L. Zhong, F. Zhou,

D. Yang, Z. Zhu, Adv. Mater. 2023, 35, 2304967.
[158] J. Xu, Z. Li, Q. Fan, J. Lv, Y. Li, Y. Cheng, Adv. Mater. 2021, 33,

2104355.
[159] Z. Zeng, X. He, C. Li, S. Lin, H. Chen, L. Liu, X. Feng, Biomaterials

2021, 271, 120753.
[160] C. Xu, S. Chen, C. Chen, Y. Ming, J. Du, J. Mu, F. Luo, D. Huang, N.

Wang, Z. Lin, Z. Weng, Int. J. Pharm. 2022, 623, 121884.
[161] T. Wang, Q. Fan, J. Hong, Z. Chen, X. Zhou, J. Zhang, Y. Dai, H. Jiang,

Z. Gu, Y. Cheng, Y. Li, Small 2021, 17, e2102485.
[162] Y. Chang, X. Wu, S. Lu, J. Du, Y. Long, Y. Zhu, H. Qin, Front. Chem.

2023, 11, 1089775.
[163] E. Gardey, F. H. Sobotta, S. Quickert, T. Bruns, J. C. Brendel, A.

Stallmach,Macromol. Biosci. 2022, 22, e2100482.

[164] C. Tan, H. Fan, J. Ding, C. Han, Y. Guan, F. Zhu, H. Wu, Y. Liu,
W. Zhang, X. Hou, S. Tan, Q. Tang, Mater. Today Biol. 2022, 14,
100246.

[165] A. S. Barros, S. Pinto, J. Viegas, C. Martins, H. Almeida, I. Alves,
S. Pinho, R. Nunes, A. Harris, B. Sarmento, Small 2024, 20,
e2402502.

[166] P. Shrestha, R. Duwa, S. Lee, T. K. Kwon, J.-H. Jeong, S. Yook, Eur. J.
Pharm. Sci. 2024, 201, 106856.

[167] L. Zhao, X. Du, J. Tian, X. Kang, Y. Li, W. Dai, D. Li, S. Zhang, C. Li,
Front. Pharmacol. 2021, 12, 644387.

[168] J. Wang, X. Lv, Y. Li, H. Wu, M. Chen, H. Yu, J. Wu, C. Li, W. Xiong, J.
Control. Release 2024, 377, 606.

[169] C. Chang, H. Liu, X. Li, D. Song, Y. Liu, C. Lu, Y. Zhen, Y. Chen, J. Xu,
W. Li, X. Jia, Z. Chen, R. Chen, Int. J. Nanomed. 2024, 19, 1205.

[170] C. Shi, J. Dawulieti, F. Shi, C. Yang, Q. Qin, T. Shi, L. Wang, H. Hu,
M. Sun, L. Ren, F. Chen, Y. Zhao, F. Liu, M. Li, L. Mu, D. Liu, D. Shao,
K. W. Leong, J. She, Sci. Adv. 2022, 8, eabj2372.

[171] Y. Zhang, L. Liu, T. Wang, C. Mao, P. Shan, C. S. Lau, Z. Li, W. Guo,
W. Wang, Adv. Healthcare Mater. 2023, 12, e2301394.

[172] X. Fan, Z. Zhang, W. Gao, Q. Pan, K. Luo, B. He, Y. Pu, ACS Nano
2024, 18, 229.

[173] P. Liu, C. Gao, H. Chen, C. T. Vong, X. Wu, X. Tang, S. Wang, Y. Wang,
Acta Pharm. Sin. B 2021, 11, 2798.

[174] D. Li, M. Wu, Signal Transduct. Targeted Ther. 2021, 6, 291.
[175] J. Zhang, Y. Zhao, T. Hou, H. Zeng, D. Kalambhe, B. Wang, X. Shen,

Y. Huang, J. Control. Release 2020, 320, 363.
[176] F. Deng, S. He, S. Cui, Y. Shi, Y. Tan, Z. Li, C. Huang, D. Liu, F. Zhi,

L. Peng, J. Crohn’s Colitis 2018, 13, 482.
[177] M. Wang, Q. Huang, M. Liu, T. Zhao, X. Song, Q. Chen, Y. Yang, Y.

Nan, Z. Liu, Y. Zhang, W. Wu, K. Ai, Adv. Mater. 2023, 35, 2309370.
[178] M. Ries, B. Moulari, M. A. Shetab Boushehri, M. E. Ali, D. Molnar,

A. Béduneau, Y. Pellequer, A. Lamprecht, Pharmaceutics 2022,
14.

[179] M. A. Odenwald, J. R. Turner,Nat. Rev. Gastroenterol. Hepatol. 2017,
14, 9.

[180] Y. R. Na, M. Stakenborg, S. H. Seok, G. Matteoli,Nat. Rev. Gastroen-
terol. Hepatol. 2019, 16, 531.

[181] E. J. Villablanca, K. Selin, C. R. H. Hedin, Nat. Rev. Gastro Hepat.
2022, 19, 493.

[182] J. Wang, M. Yao, J. Zou, W. Ding, M. Sun, Y. Zhuge, F. Gao, Nano-
materials 2023, 13, 2797.

[183] J. Liu, C. Yang, D. Merlin, B. Xiao, Biomater. Sci. 2024, 12, 5834.
[184] S. Uthaman, S. Parvinroo, A. P. Mathew, X. Jia, B. Hernandez, A.

Proctor, K. A. Sajeevan, A. Nenninger, M.-J. Long, I.-K. Park, R.
Chowdhury, G. J. Phillips, M. J. Wannemuehler, R. Bardhan, ACS
Nano 2024, 18, 12117.

[185] Z. Zhuo, K. Guo, Y. Luo, Q. Yang, H. Wu, R. Zeng, R. Jiang, J. Li, R.
Wei, Q. Lian, W. Sha, Y. Feng, H. Chen, Theranostics 2024, 14, 528.

[186] N. Barker, Nat. Rev. Mol. Cell Biol. 2014, 15, 19.
[187] M. Zu, Y. Ma, B. Cannup, D. Xie, Y. Jung, J. Zhang, C. Yang, F. Gao,

D. Merlin, B. Xiao, Adv. Drug Deliv. Rev. 2021, 176, 113887.
[188] M. Zeeshan, Q. U. Ain, B. Weigmann, D. Story, B. R. Smith, H. Ali,

Asian J Pharm. Sci. 2023, 18, 100831.
[189] M. Zeeshan, H. Ali, Q. U. Ain, M. Mukhtar, R. Gul, A. Sarwar, S.

Khan,Mater. Sci. Eng. C: Mater. Biol. Appl. 2021, 126, 112183.
[190] M. Xiong, Y. Li, H. He, S. Hao, P. Fang, M. Xu, Y. Chen, Y. Chen, S.

Yu, H. Hu, Eur. J. Pharm. Biopharm. 2023, 189, 152.
[191] D. Yoo, C. H. Whang, J. W. Hong, D. Kim, M. C. Prayogo, Y. Son, W.

S. Jung, S. J. Lee, H. S. Lee, S. Jon, Angew. Chem., Int. Ed. 2023.
[192] Y. Park, T. Korzun, A. S. Moses, P. Singh, P. R. Levasseur, A. A.

Demessie, K. S. Sharma, T. Morgan, C. J. Raitmayr, U. Avila, F.
Y. Sabei, O. R. Taratula, D. L. Marks, O. Taratula, Small 2024, 20,
e2306270.

[193] X. Yan, C. Yang, M. Yang, Y. Ma, Y. Zhang, Y. Zhang, C. Liu, Q. Xu, K.
Tu, M. Zhang, J. Nanobiotechnol. 2022, 20, 99.

Adv. Therap. 2025, 2400439 2400439 (16 of 17) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400439, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

[194] M. Sans, A. Salas, A. Soriano, N. Prats, M. Gironella, P. Pizcueta, M.
Elena, D. C. Anderson, J. M. Piqué, J. Panés, Gastroenterology 2001,
120, 1162.

[195] X. Xu, W. Yang, Q. Liang, Y. Shi, W. Zhang, X. Wang, F. Meng, Z.
Zhong, L. Yin, Nano Res. 2019, 12, 659.

[196] L. Zhou, Y. Shang, Y. Wang, X. Wei, J. Pharmaceut. Invest. 2024, 54,
357.

[197] D. Yang, Y. Feng, Y. Yuan, L. Zhang, Y. Zhou, A. C. Midgley, Y. Wang,
N. Liu, G. Li, X. Yao, D. Liu, ACS Nano 2024, 18, 7455.

[198] S. Fan, Y. Zhao, Y. Yao, X. Shen, X. Chai, J. Li, J. Pi, X. Huang, H. Jin,
Z. Zhou, J. Transl. Med. 2024, 22, 878.

[199] X. Cai, X. Wang, M. He, Y. Wang, M. Lan, Y. Zhao, F. Gao, Int. J.
Pharmaceut. 2021, 606, 120836.

[200] Q. Qin, M. Wang, Y. Zou, D. Yang, Y. Deng, S. Lin, Y. Song, R. Li, Y.
Zheng,MedComm – Biomater. Appl. 2023, 2, e65.

[201] S. Zhang, J. Ermann, M. D. Succi, A. Zhou, M. J. Hamilton, B. Cao,
J. R. Korzenik, J. N. Glickman, P. K. Vemula, L. H. Glimcher, G.
Traverso, R. Langer, J. M. Karp, Sci. Transl. Med. 2015, 7, 300ra128.

[202] P. Zhao, X. Xia, X. Xu, K. K. C. Leung, A. Rai, Y. Deng, B. Yang, H.
Lai, X. Peng, P. Shi, H. Zhang, P. W. Y. Chiu, L. Bian, Nat. Commun.
2021, 12, 7162.

[203] E. L. Schmidt, Z. Ou, E. Ximendes, H. Cui, C. H. C. Keck, D. Jaque,
G. Hong, Nat. Rev. Methods Primers 2024, 4, 23.

[204] Z. Zeng, J. Ouyang, L. Sun, F. Zeng, S.Wu, A. Biomarker,Adv.Health-
care Mater. 2022, 11, 2201544.

[205] H. Ali, B. Weigmann, E.-M. Collnot, S. A. Khan, M.Windbergs, C.-M.
Lehr, Pharmaceut. Res. 2016, 33, 1085.

[206] S. P. Hlaing, J. Cao, J. Lee, J. Kim, A. Saparbayeva, D. Kwak, H. Kim,
S. Hwang, H. Yun, H. R. Moon, Y. Jung, J.-W. Yoo, Pharmaceutics
2022, 14, 2118.

[207] W. Foo, A. Wiede, S. Bierwirth, R. Heintzmann, A. T. Press, W.
Hauswald, Biomed. Opt. Express 2022, 13, 3723.

[208] X. Tang, Y. Shang, H. Yang, Y. Song, S. Li, Y. Qin, J. Song, K. Chen, Y.
Liu, D. Zhang, L. Chen, Nat. Commun. 2024, 15, 1673.

[209] B. Xiao, H. Laroui, E. Viennois, S. Ayyadurai, M. A. Charania, Y.
Zhang, Z. Zhang, M. T. Baker, B. Zhang, A. T. Gewirtz, D. Merlin,
Gastroenterology 2014, 146, 1289.

[210] C. Primard, N. Rochereau, E. Luciani, C. Genin, T. Delair, S. Paul, B.
Verrier, Biomaterials 2010, 31, 6060.

[211] X. T. Shan, X. Gong, J. Li, J. Y. Wen, Y. P. Li, Z. W. Zhang, Acta Pharm.
Sin. B 2022, 12, 3028.

[212] R. K. Thapa, J. O. Kim, J. Pharmaceut. Invest. 2023, 53, 19.
[213] N. Goel, S. Stephens, Certolizumab. Pegol. 2010, 2, 137.
[214] E. D. Namiot, A. V. Sokolov, V. N. Chubarev, V. V. Tarasov, H. B.

Schiöth, Int. J. Mol. Sci. 2023, 24.
[215] S. Ðord̄evíc, M. M. Gonzalez, I. Conejos-Sánchez, B. Carreira, S.

Pozzi, R. C. Acúrcio, R. Satchi-Fainaro, H. F. Florindo, M. J. Vicent,
Drug Delivery Transl. Res. 2022, 12, 500.

[216] V. Agrahari, P. Hiremath, Nanomedicine 2017, 12, 819.
[217] T. Tong, Y. Qi, D. Rollins, L. D. Bussiere, D. Dhar, C. L. Miller, C. Yu,

Q. Wang, Bioact. Mater. 2023, 30, 116.
[218] Z. Davoudi, N. Peroutka-Bigus, B. Bellaire, A. Jergens, M.

Wannemuehler, Q. Wang,Mar. Drugs 2021, 19, 282.
[219] C.-m. Tian, M.-f. Yang, H.-m. Xu, M.-z. Zhu, N.-N. Yue, Y. Zhang,

R.-y. Shi, J. Yao, L.-s. Wang, Y.-j. Liang, D.-f. Li, Cell Death Discovery
2023, 9, 255.

[220] S. K. Sarvestani, S. Signs, B. Hu, Y. Yeu, H. Feng, Y. Ni, D. R. Hill,
R. C. Fisher, S. Ferrandon, R. K. DeHaan, J. Stiene, M. Cruise, T. H.
Hwang, X. Shen, J. R. Spence, E. H. Huang,Nat. Commun. 2021, 12,
262.

[221] M. Li, I. A. de Graaf, G. M. Groothuis, Expert. Opin. Drug Metab.
Toxicol. 2016, 12, 175.

[222] B. T. Pham, W. T. van Haaften, D. Oosterhuis, J. Nieken, I. A. de
Graaf, P. Olinga, Physiol. Rep. 2015, 3.

[223] S. Sharifi, N. Reuel, N. Kallmyer, E. Sun,M. P. Landry,M.Mahmoudi,
ACS Nano 2023, 17, 4.

[224] J. W. Shreffler, J. E. Pullan, K. M. Dailey, S. Mallik, A. E. Brooks, Int.
J. Mol. Sci. 2019, 20.

[225] B. Halamoda-Kenzaoui, R. J. Vandebriel, A. Howarth, M. Siccardi,
C. A. W. David, N. J. Liptrott, M. Santin, S. E. Borgos, S. Bremer-
Hoffmann, F. Caputo, J. Control. Release 2021, 336, 192.

[226] S. Sharifi, N. N. Mahmoud, E. Voke, M. P. Landry, M. Mahmoudi,
Nanomicrol. Lett. 2022, 14, 172.

[227] M. Germain, F. Caputo, S. Metcalfe, G. Tosi, K. Spring, A. K. O.
Åslund, A. Pottier, R. Schiffelers, A. Ceccaldi, R. Schmid, J. Control.
Release 2020, 326, 164.

[228] M. Faria, M. Bjornmalm, K. J. Thurecht, S. J. Kent, R. G. Parton, M.
Kavallaris, A. P. R. Johnston, J. J. Gooding, S. R. Corrie, B. J. Boyd,
P. Thordarson, A. K. Whittaker, M. M. Stevens, C. A. Prestidge, C.
J. H. Porter, W. J. Parak, T. P. Davis, E. J. Crampin, F. Caruso, Nat.
Nanotechnol. 2018, 13, 777.

[229] P. Joyce, C. J. Allen, M. J. Alonso, M. Ashford, M. S. Bradbury, M.
Germain, M. Kavallaris, R. Langer, T. Lammers, M. T. Peracchia, A.
Popat, C. A. Prestidge, C. J. F. Rijcken, B. Sarmento, R. B. Schmid,
A. Schroeder, S. Subramaniam, C. R. Thorn, K. A. Whitehead, C.-X.
Zhao, H. A. Santos, Nat. Nanotechnol. 2024, 19, 1597.

[230] F. Ahmad, T. Muhmood, Colloids Surf., B 2024, 241, 114041.
[231] R. W. Stidham, K. Takenaka, Gastroenterology 2022, 162, 1493.
[232] K. Lechner, M. Zeeshan, M. Noack, H. Ali, M. F. Neurath, B.

Weigmann, Expert Opin. Drug Deliv. 2022, 19, 235.
[233] M. Zeeshan, H. Ali, S. Khan, S. A. Khan, B. Weigmann, Int. J. Pharm.

2019, 558, 201.
[234] J. Fu, E. Wu, G. Li, B. Wang, C. Zhan, Nano Today 2024, 55, 102163.
[235] R. Münter, E. Sørensen, R. B. Hasselbalch, E. Christensen, S. D.

Nielsen, P. Garred, S. R. Ostrowski, H. Bundgaard, K. K. Iversen,
T. L. Andresen, J. B. Larsen,Mol. Pharmaceutics 2023, 20, 3356.

[236] G. T. Kozma, T. Mészáros, P. Berényi, R. Facskó, Z. Patkó, C. Z. Oláh,
A. Nagy, T. G. Fülöp, K. A. Glatter, T. Radovits, B. Merkely, J. Szebeni,
Vaccine 2023, 41, 4561.

[237] W. Najahi-Missaoui, R. D. Arnold, B. S. Cummings, Int. J. Mol. Sci.
2020, 22, 385.

[238] K. M. Lazar, S. Shetty, A. Chilkoti, J. H. Collier, Curr. Opin. Colloid
Interface Sci. 2023, 67, 101726.

[239] E. Gardey, F. H. Sobotta, S. Hoeppener, T. Bruns, A. Stallmach, J. C.
Brendel, Biomacromolecules 2020, 21, 1393.

[240] M. Elsabahy, S. Samarajeewa, J. E. Raymond, C. Clark, K. L. Wooley,
J. Mater. Chem. B 2013, 1, 5241.

[241] J. Gao, J. Li, Z. Luo, H. Wang, Z. Ma,Drug Des. Devel. Ther. 2024, 18,
2921.

[242] S. K. Lai, Y.-Y. Wang, J. Hanes, Adv. Drug Delivery Rev. 2009, 61, 158.
[243] J. Long, X. Liang, Z. Ao, X. Tang, C. Li, K. Yan, X. Yu, Y. Wan, Y. Li, C.

Li, M. Zhou, Acta Biomater. 2024, 188, 27.

Adv. Therap. 2025, 2400439 2400439 (17 of 17) © 2025 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400439, W

iley O
nline L

ibrary on [29/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com

