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a b s t r a c t 

Inflammatory bowel diseases (IBD) significantly contribute to high mortality globally and 

negatively affect patients’ qualifications of life. The gastrointestinal tract has unique 

anatomical characteristics and physiological environment limitations. Moreover, certain 

natural or synthetic anti-inflammatory drugs are associated with poor targeting, low drug 

accumulation at the lesion site, and other side effects, hindering them from exerting their 

therapeutic effects. Colon-targeted drug delivery systems represent attractive alternatives 

as novel carriers for IBD treatment. This review mainly discusses the treatment status of 

IBD, obstacles to drug delivery, design strategies of colon-targeted delivery systems, and 

perspectives on the existing complementary therapies. Moreover, based on recent reports, 

we summarized the therapeutic mechanism of colon-targeted drug delivery. Finally, we 

addressed the challenges and future directions to facilitate the exploitation of advanced 

nanomedicine for IBD therapy. 

© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

1.1. Treatment status of inflammatory bowel diseases 

Within the human body, the intestine is the most complex
and greatest immunological organ. Continuous exposure
to intestinal contents elicits a prolonged self-protection
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response, causing intestinal inflammation [ 1 ]. Inflammatory
bowel diseases (IBD), which include Crohn’s disease and
ulcerative colitis (UC), cause complications such as bloody
diarrhea and abdominal pain. It can seriously compromise
the quality of life, significantly increasing the hazard index
of colorectal cancer (CRC) and imposing a life-long medical
strain for mountains of patients around the world [ 2 ]. CRC
ranks third in incidence and second in mortality from
rsity.
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he disease, as reported by a 2020 WHO assessment [ 3 ],
hich causes persistent ulcers and epithelial damage. CRC is 

ncreasing worldwide, especially in young people [ 4 ]. 
According to the global drug research and development 

ata on IBD provided by the patsnap database ( https: 
/synapse.zhihuiya.com/ ) and the pharnexcloud database 
 https://pharma.bcpmdata.com/ ), as of the statistical time,
 total of 1137 new drugs are under development and 142 
f them have been approved for listing. At present, the 
ew drugs developed are mainly small molecule drugs and 

onoclonal antibodies, and other types include synthetic 
eptides, live bacterial preparations, fusion proteins, and 

ispecific antibodies ( Fig. 1 A). Traditional drugs used to 
reat IBD include aminosalicylic acid, corticosteroids,
mmunosuppressants, and monoclonal antibodies [ 5 ]. Despite 
eing first-line medications, 5-aminosalicylic acid (5-ASA) and 

lucocorticoids have certain side effects. Novel biotherapies,
uch as infliximab, adalimumab, golimumab, vedolizumab,
nd ustekinumab, have been developed. However, these 
herapies are not only expensive but also associated with 

ncreasing rates of drug resistance [ 6 ]. In addition, the top 10 
argets of listed IBD drugs are TNF- α, GR, α4 β7, JAK1, IL-12 
 IL-23, TYK2, NLRP3, FXR, S1PR1 and TNF. Recent studies 
ave focused on the above targets, targeting the cytokine 
etwork through the use of multiple cytokine blockers ( e.g.,

AK inhibitors upadacitinib [ 7 ] approved by the FDA as the 
rst oral treatment for moderately to severely active Crohn’s 
isease in 2023) or multiple cytokine blockers simultaneously 
 e.g., anti-TNF and anti-IL-23 antibodies) [ 8 ]. This may provide 
mportant hints for active ingredient screening and targeted 

elivery of cargoes for IBD treatment 
By investigating the information from the clinical trial 

atabase (clinicaltrials.gov) and the data related to IBD 

herapeutic agents collected by Drugs @ FDA database 
 https://www.fda.gov/drugs ), FDA has not yet approved any 
olon-targeting agents for the treatment of IBD; only some 
iposome preparations are approved to enter the clinical 
rial cohort, such as Peg-Liposomal Prednisolone Sodium 

hosphate (Nanocort ®) (NCT01039103) and Nano Calciferol 
Vitamin D) (NCT05733117). Therefore, a series of valuable 
olon-targeted delivery systems (CTDDs) need to be further 
eveloped to meet the needs of pharmaceutical preparations 
nd clinical treatment. 

As IBD is intensely bound with the microbial flora and 

mmune system, understanding the pathological mechanism 

s crucial for developing a rational drug delivery design [ 9 ].
BD is eventually caused by tissue damage and ulcers brought 
n by the recruiting and invasion of immunological cells,
he release of proinflammatory cytokines, and the buildup 

f reactive oxygen species (ROS) [ 10 ]. The pathological 
echanisms of IBD include the following: (1) Impaired 

ucus layer and intestinal barrier function induced by 
enetic, dietary, drug and other factors; (2) Disorder of the 
ucosal immune system composed of intestinal-associated 

ymphoid tissue and lamina propria involving multiple 
nflammatory cell infiltration and cytokine secretion; (3) 
ntestinal microbial dysbiosis mainly including the diversity 
nd abundance [ 11 ] ( Fig. 1 B). IBD can be effectively treated 

sing local gastrointestinal-specific delivery therapeutic 
gents, comprising antigens, immunomodulatory intestinal 
arrier boosters, and intestinal microbiome transplantation.
he emergence of novel nanomaterials has made oral 
anomedicine a desirable alternative since it increases the 
rug’s local concentration, effectiveness, and bioavailability 
hile avoiding the toxicity and unfavorable effects associated 

ith high dosages [ 12 ,13 ]. 

.2. Obstacles to drug delivery 

BD treatment includes drug therapy, surgical treatment, and 

ecal transplantation. However, surgery does not cure the 
ondition because many people experience post-operative 
ecurrence, which worsens their quality of life and results 
n more intestinal damage [ 14 ]. Although fecal microbiota 
ransplantation has been proven effective [ 15 ], preventing 
he introduction of pathogens through other techniques is 
hallenging, and its safety and standardization are still being 
xplored. Currently, the mainstay of drug therapy for IBD 

emains oral, intravenous, and enema administration. In 

ddition, intravenous administration, which has been used 

n treating moderately to severely active IBD that highly 
mproves drug bioavailability and avoids first-pass effects 
nd gastrointestinal irritation, is also prone to side effects,
ncluding systemic toxicity, while requiring higher criteria 
or the physicochemical properties of the nanopreparations 
 16 ]. Rectal administration is a practical alternative for the 
reatment of mild and moderate IBD with the advantage of 
ypassing hepatic first-pass effects but with some drawbacks,
uch as low compliance, short intestinal retention time, and 

imited proximal intestinal treatment sites [ 17 ]. Currently,
ral drug therapy is preferred because of satisfactory patient 
ompliance. Oral CTDDs improve the availability of drugs in 

he colon and their biodistribution in the body by limiting their 
bsorption in the rest parts of the gastrointestinal tract (GIT)of 
he body [ 18 ]. Therefore, this drug delivery technology can 

ffectively and safely treat IBD. Table 1 lists some examples 
f representative studies. 

The GIT environment poses challenges for designing drug 
elivery devices. GIT is segmented into multiple sectors: 
he esophagus, stomach, small intestine, and large intestine.
arious parts of the GIT have different characteristics,
hich must be considered while designing ( Fig. 2 A). These 

haracteristics are as follows [ 19 ]: (1) Relatively stable 
hysical conditions include swallowing function, lumen size,
ucin and epithelial cell transition, and gastrointestinal wall 

hickness; (2) Relatively flexible main difference conditions 
n the GIT include changes in absorption area, pH, cell 
ypes and transporters, drug resident and transport time,
dhesion and permeability of digestive tube wall, and 

acterial diversity and population; (3) Physiological conditions 
iffer between healthy individuals and patients and depend 

n their age group [ 20 ]. Moreover, the colon lacks villi,
nd its epithelium is encased in a double-layer mucus that 
ontains water, electrolytes, lipids, and glycoproteins. As 
he colon is characterized by intraluminal fluid deficiency,
hich affects the transport, disintegration, and release of 
rugs, special attention should be paid to this aspect [ 21 ]. In
onclusion, given the consideration of IBD treatment and the 
arriers to drug delivery mentioned above, it is of far-reaching 
ignificance to summarize the latest design strategies for 

https://synapse.zhihuiya.com/
https://pharma.bcpmdata.com/
https://www.fda.gov/drugs
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Fig. 1 – Treatment status of IBD. (A) The top 10 types of novel medication categories for IBD treatment and their development 
stages. (B) Multiple factors contribute to the pathophysiology of IBD. 
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Table 1 – Publications on representative CTDDs for the treatment of IBD. 

Targeting 
response mode 

Drug Formulation 
name 

Formulation Response mode 
conditions 

Route Disease model Mechanism of action Refs 

pH- and 
redox-responsive 

Ginsenoside Rh2 Rh2/LA-UASP 
NPs 

Grafting A. sinensis 
polysaccharide with 
urocanic acid and α-LA 

pH 5.5 and 10 mM 

GSH 

I.V. RAW264.7 cells induced 
with LPS(1 μg/ml), 3.5 % 

DSS induced mice 

STAT3/miR-214 signal 
pathway, ROS, TNF- α and 
IL-1 β ↓ , IL-10 ↑ 

[ 22 ] 

pH- and charge- 
responsive 

Ag+ HA-SH- 
Ag/Alginate- 
Ca 
microspheres 
(HAMs) 

Ag+ utilized to crosslink 
the thiolated-HA, coated 
with Alginate-Ca 
microspheres 

Stable in AGF (pH 

1.0) and ASF (pH 6.8), 
but degraded in ACF 
(pH 7.8) 

Oral iBMDM cells stimulated 
by LPS (1 μg/ml), 
2.5 %DSS induced 
C57BL/6 mice 

Pro-inflammatory cytokines 
↓ , type Ⅱ macrophage 
differentiation ↑ , probiotics 
including Bifidobacterium 

and Lactobacillus ↑ , the 
detrimental communities 
are inhibited 

[ 23 ] 

pH- and 
receptor- 
responsive 

GA GA@Pec-FA- 
Zein 
NPs 

Applying FA-Zein as the 
core and using pectin as 
the shell, exhibited by 
GA 

Stable in AGF (pH 

1.0) and ASF (pH 6.8), 
but degraded in ACF 
(pH 7.8) 

Oral 2.5 % DSS induced KM 

mice 
Targeting macrophages ↑ , 
the bioavailability of GA ↑ , 
MPO, TNF- α↓ 

[ 24 ] 

Receptor- 
mediated 
responsive 

BBR 
BBR/MPN@YM 

EGCG and Mn2+ form 

MPN via the interaction, 
MPN and BBR 
encapsulated into YM 

The interaction 
between 
macrophage 
dectin-1 receptors 
and β−1,3-d - glucan 
on the outer layer of 
YM 

Oral RAW264.7 cells induced 
by IL-4, 100 μM H2 O2 

induced L929 cells, 
4 g/kg/d DSS induced 
C57BL/6 male mice 

M1 → M2 macrophages, 
TNF- α, IL-1 β, H2 O2 , and 
MDA ↓ 

[ 25 ] 

Receptor- 
mediated 
responsive 

C-dot nanozyme 
and CD98 
CRISPR/Cas9 
plasmid 

C-dot 
nanozyme@ 

CD98 
CRISPR/Cas9 
plasmid 
@ZIF-8@M 

(CCZM) 

CCZ fabricated through 
one pot method 

Directed toward the 
inflamed colon 
under the control of 
the macrophage 
membrane 

I.V. RAW264.7 stimulated by 
LPS (100 ng/ml 24 h), 
2 %DSS induced C57BL/6 
mice 

ROS eliminated by 
nanozymes and plasmids 
entering the cell nucleus 
and knocking down the 
CD98 gene 

[ 26 ] 

Time- and 
pH-mediated 
responsive 

5-ASA 5- 
ASA@Eudragit 
S/L/ RS 

5-ASA coated by 
Eudragit®S and L with 
Eudragit® RS 

pH 6.5 in vitro and 
inflammatory colon 
tissue in vivo 

Oral 2 ml acetic acid (2 %, 
v/v) enema induced 
Wistar rats 

Improving colon/body mass 
ratio, reducing 
inflammatory infiltration 

[ 27 ]] 

ROS- mediated 
responsive 

Lactobacillus HA-LR Lactobacillus was 
packaged in hydrogel 
during the gelation 
procedure of MeHA and 
a bonding agent 

H2 O2 (100 μM) in 
vitro , Inflammatory 
colon tissue in vivo 

Oral 100 μM H2 O2 induced 
RAW264.7 cells, 5 % DSS 
induced Balb/c mice 

ROS, TNF- α and IL-6 ↓ , IL-10 
↑ 

[ 28 ] 

( continued on next page ) 
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Table 1 ( continued ) 

Targeting 
response mode 

Drug Formulation 
name 

Formulation Response mode 
conditions 

Route Disease model Mechanism of action Refs 

ROS-mediated 
responsive 

Bud and 
antioxidant Tem 

Bud-ATK- 
Tem 

The nanoassemblies 
were created using 
B-ATK-T Janus-prodrug. 
The DSPE-PEG2k was 
used for producing a 
PEGylated surface. 

Various 
concentrations of 
H2 O2 (0.05–1 mM) in 
vitro and 
Inflammatory colon 
tissue in vivo 

Oral RAW264.7 treated with 
200 μM H2 O2 , 3 %DSS 
induced C57BL/6 mice 

PGE2, H2 O2 , TNF- α, MDA 

and IL-1 β ↓ 
[ 29 ] 

Charge- and 
receptor- 
mediated 
responsive 

CsA CsA-loaded 
IT-NCs 

Using polymeric 
nanodrug core 
emulsification-solvent 
evaporation method 
and layer-by layer 
biocoatings 

Inflamed cationic 
mucosal tissue 
surfaces and CD44 
receptor 

Oral TNBS-induced colitis, 
2.5 % (w/v) DSS -induced 
acute colitis in mice 

DAI score and additional 
observations on the 
phenomenology of colitis 
that pertain to 
inflammation and 
permeability ↓ 

[ 30 ] 

Charge-mediated 
responsive 

TNF- α siRNA siRNA-loaded 
ANPs, PNPs or 
CNPs 

Prepared 
PEG5K-b-PLGA10K NPs 
with the assistance of a 
synthesized lipid 
featuring surface amine 
groups for subsequent 
charge tuning. 

Charge in the 
inflamed mucosal 
tissue 

Oral 3 %DSS induced C57BL/6 
mice 

Silencing of the gene 
(TNF- α) and engendering 
more potent 
anti-inflammatory efficacy 

[ 31 ] 

Microorganism 

enzyme, time, 
and pH-mediate 
responsive 

Cur GAL-CPS 
bilayer 
microgels 
(Cur-loaded 
PS and 
bilayer 
microgels) 

Polysaccharide GG and 
LMP were employed as 
the inner core, with the 
outer layer modified 
using SA and CS 
through polyelectrolyte 
interactions. 

Degraded by colon 
enzymes, and 
bacteria 

Oral RAW264.7 treated with 
200 μM H2 O2 , 3 %DSS 
induced C57BL/6 mice 

Restoring the abundance 
and diversity of intestinal 
flora, improving 
macrophage infiltration in 
colonic tissue and 
inhibiting the level of 
TNF- α and IL-6 

[ 32 ] 

Silver ion (Ag+ ); α-lipoic acid ( α-LA); artificial gastric fluid (AGF); artificial small intestine fluids (ASF); artificial colon fluid (ACF); glycyrrhizic acid (GA); intravenous injection (I.V.); Berberine (BBR); 
metal polyphenol network (MPN); yeast microcapsule (YM); inflammation-targeting system (IT-NC); Budesonide (Bud); tempol (Tem); Cyclosporine A (CsA); small interfering RNA (siRNA); aminated 
NPs (ANPs); plain NPs (PNPs); carboxylated NPs (CNPs); Curcumin (Cur); guar gum (GG); low-methoxyl pectin (LMP); sodium alginate (SA); chitosan (CS); porous starch (PS); inner gel core consists of 
GG and LMP -Cur loaded porous starch (GAL-CPS). 
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Fig. 2 – (A) General physiological conditions to be considered for the design of colon-targeted drug delivery systems. (B) The 
summary of the latest design strategies for CTDDs. 
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CTDDs, including target effect response modes, skeleton
types, and therapeutic mechanisms ( Fig. 2 B). 

2. Colon-targeted delivery strategy 

2.1. Target-action response mode of the delivery system 

2.1.1. pH-dependent target-action response mode 
pH-responsive nanodelivery systems have been developed for
treating UC. The main design principle is that the linkers
between the carrier and the drug and/or chemical groups
in the nanostructured skeleton can be destabilized by pH
changes, leading to the disintegration of the delivery skeleton.
For example, Eudragit® EPO (EPO) and Eudragit® L100 (L100)
are two pH-sensitive materials approved by the FDA, EPO
dissolves under acidic conditions because of its tertiary amino
group, and L100 dissolves at pH > 6 due to it contains a
large number of carboxyl groups. Recently, Zhang et al. coated
curcummin-loaded nanoparticles (CNs) with EPO and L100,
to developed CNs@EPO@L100 core-shell nanoparticles. This
pH-sensitive nano-system exhibited the precisely targeted
therapy of UC ( Fig. 3 A) [ 33 ]. 

Although previous reports have shown variations in the
pH range along the length of the GIT, it is considered almost
similar. The minimum pH is observed in the stomach (fasting
pH, 0.4–4.0; feeding pH, 2.0–4.5). In the small intestine’s
proximal region, the pH is between 6.15 and 7.35, whereas
it can reach up to 7.5 in distal region. The pH of the colon
is different from that of the upper digestive tract, and the
pH range is 5.26–6.72 in the ascending colon [ 34 ]. Indigestible
dietary carbohydrates are transformed into short-chain fatty
acids (SCFAs) by colonic bacteria, leading to a decrease in the
pH of the proximal colon [ 35 ]. Another study reported that the
pH ranges from 1.5 to 3.5 in the stomach, whereas it is between
5.5 and 6.8 in the small intestine. The ascending colon has
a pH of 6.4, which increases in the transverse colon and
approaches neutrality in the descending colon. Importantly,
pH variations in the colon affect the nature of the microbiota
in the GIT [ 36 ]. Fatty acids are absorbed during transport
through the transverse and descending colon, promoting
carbonic acid secretion and making the environment more
alkaline. The environmental pH can reach 6.6 in the distal
colon, which might be further reduced during UC. 

Although pH-dependent nanodelivery systems have been
successfully developed, they mostly target the entire colon
rather than specific UC sites. They are released throughout
the colon after oral consumption, rendering insufficient
accumulation in inflammatory colon lesions and causing
adverse effects. More importantly, the disease state induces
pH changes in the colon. For example, the colonic pH in
patients with UC is approximately 3.0. Therefore, traditional
single pH-responsive nanoparticles have certain limitations
and cannot effectively treat IBD. 

2.1.2. Time-dependent target-action response mode 
In the time-dependent delivery system, the degradation
time of the oral preparation is modulated according to
the emptying time of the drug within the GIT past oral
administration to degrade and disperse the medication in
the colon section. Hence, the selection of coating materials
and coating thickness are vital factors. However, the transport
time is limited to drug absorption, and the difference is
significant throughout the process [ 37 ]. Animal models or
even non-human primates, have also been utilized to research
drug delivery in the GIT. Accurate prediction is challenging
owing to significant individual variations in GIT transit times,
particularly in illness situations [ 38 ]. 

2.1.3. Colonic microbial-dependent target-action response
mode 
The colon contains more bacteria (1011 –1013 CFU/g colon)
than other parts of the GIT (103 CFU/g and 104 –108 CFU/g
in the stomach and small intestine, respectively). Certain
enzymes, such as β-glucosidase, cellulase, azoreductase, and
nitroreductase, are produced by these colonic microflora and
are capable of breaking down various polymeric compounds,
such as sodium alginate, CS, pectin, and dextran, which
cannot be broken down in the stomach or small intestine
[ 39 ]. By stimulating these microbes, several colonic microbe-
activated drug delivery systems have been developed [ 40 ]. 

Pectin is a hydrophilic dietary fiber found within the
cell exterior wall of fruits such as melons. It is made up
of branching (1→ 4)- α-d-galacturonic acid (Gal-A) residues
with various neutral sugars. Under the microscope, pectin
chains can be split into two domains: the "smooth zone"
and the "hairy zone". The former refers to the linear anionic
backbone without side chains, while the latter refers to the
region with nonionic side chains. Moreover, they fall into the
following categories of polymeric forms: homogalacturonan,
xylogalacturonan, and rhamnogalacturonan-I/II [ 41 ]. Pectin
cannot be absorbed by the GIT and can only be degraded in
the rectum and colon, possibly due to the colon’s suitable
intestinal flora and its optimal pH environment [ 24 ]. 

Guar gum (GG) is a nonionic polysaccharide abundant in
guar or cluster beans. Over eighty percent of GG is produced
in India [ 42 ]. Certain microbes, such as Clostridium butyricum in
the large intestine, spontaneously secrete enzymes that break
down the glycosidic bonds that are contained in GG. However,
because of the high swelling characteristics of GG in aqueous
solution, its potential as a transport carrier is limited. The
properties of GG, which is widely used in biomedicine, can be
improved by modification, grafting procedures, and forming
networks [ 43 ]. GG and its derivatives, such as coated layers,
matrix sheets, hydrogels, nanoparticles, and particles, can be
used as prospective drug vectors [ 44 ]. 

With significant intrinsic qualities like adhesion,
permeability, and antibacterial activity, CS is a common
naturally arising cationic polysaccharide. It is a great
oral medication delivery carrier substance that colonic
bacterial enzymes can specifically hydrolyze [ 45 ]. To extend
the duration of drug retention, it engages in electrostatic
interactions with mucins that are negatively charged on the
mucosal surface. Additionally, the amine group in CS can
respond to fluctuations in environmental pH, which can
cause pH-induced drug release from the carrier [ 46 ]. 

Hyaluronic acid (HA) is a prime option for IBD treatment
because it interacts with CD44 on immune cells to control
macrophage progression and produce anti-inflammatory
effects [ 47 ]. However, its tendency to degrade in digestive
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Fig. 3 – Representative studies of different response modes for CTDDs in IBD treatment. (A) pH-responsive CNs@EPO@L100 
nanoparticles were prepared by coating CNs with EPO and L100. After oral administration, it degrades and releases drug 
primarily at the inflammatory sites in the colon. Reproduced from [ 33 ] Copyright 2023 Royal Society of Chemistry; (B) pH & 

microbial-response Dexa-GP/ES/Pu NCs nanocargoes could be degraded by branched-chain amylase only at the colonic site 
and bind preferentially to macrophage galactose-type lectin-C (MGL-2) surface receptors for highly localized drug release. 
Reproduced from [ 55 ] Copyright 2023 Elsevier; (C) Receptor-dependent EC/CS/HA/CS/Dex nanoparticle exerts 
anti-inflammatory effects by targeting CD44 receptor-mediated endocytosis, extending drug retention time. Reproduced 

from [ 65 ] Copyright 2023 Elsevier; (D) Charge-dependent CeO2 @MMT(1:9) is stable in the stomach for oral delivery and 

targets the inflamed colon through electrostatic interactions. Reproduced from [ 69 ] Copyright 2020 Wiley-VCH GmbH; (E) 
ROS-responsive PSB@NP-FA were synthesized by a single microemulsion method and could be cleaved under ROS 

stimulation in colon. Reproduced from [ 71 ] Copyright 2023 The American Society of Gene and Cell Therapy; (F) 
Representative ROS-sensitive linkers used for targeted drug delivery to inflammatory regions in IBD treatment. 
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juices during administration and uncontrolled systemic
diffusion reduces its bioavailability, causing potential side
effects and limiting its application in IBD treatment [ 48 ]. An
approach to overcome this dilemma involves using a colon-
targeting shell to avoid premature exposure to the drug and
ensure its location-specific release. 

Resistant starch (RS) can serve as a vector material
for targeting the colon. RS are incapable of being rapidly
degraded by enzymes involved in human digestion but can
be swiftly metabolized by the bacteria in the colon, which
makes them suitable for some controlled release systems [ 49 ].
However, starch derivatives are more laborious to enzymatic
hydrolysis than natural starch. Research has indicated
that starch derivatives obtained by appropriate physical
or chemical modification, like cross-linked starch and
copolymers, including starch-2-hydroxyethyl methacrylate
[ 50 ], starch-methacrylic acid hydrogel [ 51 ], and starch-vinyl
alcohol [ 52 ,53 ], can be used as delivery carrier materials
for anti-inflammatory drugs and peptides. Starch acetate
(SA) is a chemical derivative starch whose properties rely
on the complete extent of substitution. Resistant starch
acetate (RSA) with high digestive resistance is in the control
of the degree of substitution. It can serve as a surficial
coating material for potential oral CTDDs. Additionally,
the plasticizer quantity and RSA coating film thickness
can be readily adjusted to achieve the required colon-
targeting and release qualities for RSA-coated microspheres.
Further, this release system is appropriate for loading
various active ingredients that differ in molecule weights
and solubility [ 54 ]. Pullulan have been employed for colon
targeting purposes, which can be degraded by branched-
chain amylase produced by colonic microorganisms. Zeeshan
et al. developed dexamethasone-loaded galactosylated-
PLGA/Eudragit S100/pullulan nanocapsules (Dexa-GP/ES/Pu
NCs) ( Fig. 3 B), which have dual irritation-sensitive coating
sensitive to both colonic pH and microbiota, as well as a
galactosylated-PLGA core (GP) at the bottom [ 55 ]. 

2.1.4. Receptor-mediated target-action response mode 
Receptor-mediated target-action response mode based
on ligand-receptor interactions might show potential
as a treatment approach for IBD. Certain receptors and
cellular adhesion molecules are found to be abundantly
expressed onto the superficies of the colonic endothelial cells
and/or immune cells during IBD, according to researchers’
findings. By utilizing ligand-modified drug delivery systems
that selectively target these above elements, drugs can
be specifically delivered to the region of inflammation
with enhanced efficacy [ 56 ]. High expression of receptors
and cell adhesion molecules, including mannose receptor
[ 57 ], intercellular adhesion molecule ICAM-1 [ 58 ], peptide
transporter 1 [ 59 ], F4/80 [ 60 ], lactoferrin receptor [ 61 ], folic
acid receptor [ 62 ], CD98 [ 63 ]and CD44 have been reported
[ 64 ]. Previously, attempts have been made to modify the
aforementioned ligands on delivery vectors to hamper their
degradation in the upper digestive tract and to attain better
cell targeting at local inflammatory sites in the colonic tissues.
For example, Zhang et al. designed a HA/CS/Dex nanoparticle,
coated with multilayers of CS, HA, and Eudragit® S100 (ECHCD
MPs). These nanoparticles were ingested by macrophages via
CD44 receptor-mediated endocytosis to regulate intestinal
macrophage polarization and exerted colon-targeting anti-
inflammatory effects ( Fig. 3 C) [ 65 ]. However, some highly
expressed receptors linked to the pathological process of
IBD and their respective ligands are poorly investigated.
Therefore, for the purpose of developing, screening, and
proving more specific receptors and ligands correlated with
IBD, we need more sophisticated technology like molecular
docking, molecular dynamics simulation, proteomics, and
high-throughput screening. 

2.1.5. Charge-dependent target-action response mode 
During colonic mucosal inflammation, the mucus layer is
depleted [ 66 ], resulting in the accumulation of positive charges
in the damaged epithelium [ 67 ]. Therefore, an effective
treatment strategy is to remove ROS by assembling negatively
charged drugs or their carriers to target the colon site, where
positively charged proteins are enriched due to inflammation,
thereby reducing inflammation [ 68 ]. Based on this concept, an
oral CeO2 @MMT nanozyme drug was designed by combining
CeO2 nanozyme, which possesses ROS-scavenging activity,
with natural negative montmorillonite (MMT), which has
the complementary advantages of each component and has
demonstrated alleviated inflammation in a mouse colitis
model ( Fig. 3 D). However, as these positively charged CeO2

NPs are not selective to the colonic inflammation area
and the ultra-small size of these NPs promotes their rapid
absorption by the GIT, the possibility of side effects is
high. Combining CeO2 with MMT significantly inhibited the
systemic absorption of CeO2 NPs, reducing its potential
nanotoxicity and promoting MMT’s ability to eliminate ROS.
Therefore, CeO2 @MMT achieved the effect of ’1 + 1 > 2′ , which
led to substantial improvement in a DSS-induced mouse
IBD model [ 69 ]. Briefly, some natural or synthetic anionic
polysaccharides or negatively charged polymers are often
used as surface coatings on nanocarriers. Future research on
coating materials will further enhance both the targetability
and adhesion capabilities of these delivery systems, thus
enhancing the local delivery and retention of drugs. 

2.1.6. ROS-responsive target-action response mode 
The nosogenesis and growth of IBD are intrinsically connected
to oxidative stress and irregularly high levels of local
ROS that promote IBD development [ 70 ]. ROS-responsive
nanoparticles administered orally may be used as an effective
method for treating IBD. For example, Yan et al. developed
a PSB@NP-FA, which are ROS responsive and folic acid (FA)
functionalized nanoparticles loaded with pterostilbene (PSB).
These nanoparticles could effectively release PSB in response
to ROS, scavenge ROS, and protect cells from H2 O2 -induced
oxidative damage ( Fig. 3 E) [ 71 ]. 

ROS-sensitive linkers are critical for designing ROS-
responsive delivery systems. Fig. 3 F summarizes the
chemical structures of these linkers [ 28 ,72-74 ]. ROS-sensitive
connectors include various connection modes that can be
used between nanocarriers and drugs and two or more
molecules of the same or different drugs. For example,
Bud and Tem were combined by a ROS-sensitive aromatized
thiopental to formulate a Janus-prodrug called B-ATK-T. Orally
administered B-ATK-T appeared to have extraordinarily high



10 Asian Journal of Pharmaceutical Sciences 19 (2024) 100943 

d
w
i
r  

t
i
R
r
o
u

2
P
b
p
t
i
m
t
m
t
[
i
r
t
t
f  

L
t
p
c  

O
b
w
s
w
m

2

2
P
m
b
[
d  

p
t  

p
t  

U  

i  

T
p
a
a
t

d
a  

w
m
r
a
t
i
o
t
M
s
a
3
f
w
i
5
a
o
t
o
t
t
c
o  

4
l  

S
o
o
b

2
L
b
c  

p
a
w
c
b
b
m
m
g  

(
 

F
h
f
t
d
s  

d
F  

a
(
a
d
b
m

rug loading capacity, and the release of two medicines 
as triggered by expansive ROS, accumulating drugs in the 

nflamed colon to treat colitis [ 29 ]. However, although this 
esponse mode is prevalent in treating inflammatory diseases,
he real-time concentration and duration of ROS significantly 
nfluence the therapeutic effect. Reports that outline the 
OS level in colon tissue during IBD, the concentration range 
equired to achieve ROS response mode, and the degree 
f interference of redox substances in vivo are currently 
navailable. 

.1.7. Multi-response mode delivery system 

recise and targeted therapy is extremely challenging 
ecause of intra- and interindividual differences in intestinal 
arameters, such as pH and transit time, which may increase 
he possibility of failure. Consequently, it’s essential for 
ntegrating multiple response delivery systems to achieve 

ore accurate positioning. For example, an exclusive coating 
echnique (Phloral TM), which blends two separate release 

echanisms; pH-triggered (Eudragit®S, ∼pH 7) and microbial- 
riggered (RS), provides an effective method for colon targeting 
 75 ]. This study demonstrated that the incorporation of RS 
n the coating layers could not impact pH-dependent drug 
elease mechanism or the durability of the coating within 

he upper GIT. While encountering butanol, heat the starch 

o disrupt the crystalline structure of the starch granules 
or enhancing the digestibility of RS by bacterial enzymes.
imited exposure to high pH conditions and rapid colon 

ransit in the distal small bowel fluid, often observed in 

atients with IBD, provides a revolutionary approach to 
olon-specific drug delivery. Furthermore, another technology,
pticoreTM , has successfully developed a coating technology 
y integrating an alkaline inside layer with an outermost layer 
ith incorporated pH and enzymatic triggers. The coating 

ystem consists of an interior layer made of enteric polymers 
ith partial neutralization and buffers, and an exterior layer 
ade of Eudragit®S and RS [ 76 ]. 

.2. Delivery system skeleton type 

.2.1. Prodrug 
rodrugs are derivatives of active molecules, of which 

odification approach links multiple drug molecules or 
etween the molecule and nanoplatform by employing linkers 
 77 ]. Using simple and efficient synthetic means, prodrug 
esign aims to solve problems, including poor solubility,
oor permeability, instability, toxicity and non-targeting of 
he parent drug during drug delivery [ 78 ,79 ]. In Addition,
rodrugs also suffer from the disadvantages of inconclusive 
oxicity, long-term retention and off-target efficiency [ 80 ].
sing prodrugs, such as azoreductase-responsive prodrug,

s an effective colon-targeting strategy for related diseases.
he azobenzene group in the molecular structure of these 
rodrugs can be transformed into the phenylamine group by 
zoreductase, leading to drug release in the colon. Saladazine 
nd balsalazide are effective alternatives to 5-ASA systemic 
herapy [ 81 ]. 

Azobenzene is used as a linker to combine 4′ -O- 
emethyl-4 β-(4′ ′ -aminoanilino)−4-desoxy-podophyllotoxin, 
 metabolite of the anti-colon cancer phase II drug GL331,
ith a near-infrared fluorophore. Simultaneously, combining 
odal imaging technology NIR/IMS is a novel method for 

eal-time and accurate tracking of the prodrug release process 
nd biodistribution in vivo [ 82 ]. Clinical data have shown that 
ofacitinib can significantly improve the remission of UC by 
nhibiting the JAK/STAT pathway, which is a common feature 
f multiple inflammatory factor responses [ 83 ]. To alleviate 
he systemic adverse reactions of tofacitinib, a 5-ASA-PABA- 
AC, and 5-ASA-PABA-diamine colon-specific drug delivery 

ystem was constructed and used to synthesize facitinib 
zo prodrugs ( Fig. 4 A). Specifically, the compound displayed a 
.67-fold decrease in plasma AUC (tofacitinib, 0- ∞ ) and a 9.61- 
old increase in colonic AUC (tofacitinib, 0-12 h) compared 

ith tofacitinib at mole-equivalent oral dose. The findings of 
n vivo experiments indicated that 5-ASA-PABABA-MAC and 

-ASA-PABA-diamine systems were effective in colon-specific 
dministration and reduced the systemic adverse reactions 
f tofacitinib [ 84 ]. Furthermore, researchers have reported 

he use of triggerable precursor drug nanocoatings capable 
f on-demand activation of microbial and small-molecule 
herapeutic agents for combination therapy. ROS aromatic 
hioacetal linkers were used to prepare cationic CS-drug 
oncatenates that could form nanocoatings on the surface 
f living bacteria via electrostatic interactions [ 85 ] ( Fig. 4 B-
D). Reaching the colonic site, cleavage of the thiochitosan 

inker leads to the release of therapeutic cinnamaldehyde.
imultaneously, charge reversal, achieved by the production 

f negatively charged thiochitosan, induced the disassembly 
f the nanocoatings, leading to the parallel release of live 
acteria. 

.2.2. Liposomes 
iposomes are lipid-based spherical vesicles with a lipophilic 
ilayer surrounded by two hydrophilic layers [ 86 ], which 

omprise several components, such as lipids, sterols,
olysaccharides, and surfactants. As they can accumulate at 
n inflammatory site, they are used to effectively treat IBD 

ith reduced toxicity [ 87 ]. Determining the liposome type is 
rucial for selecting the synthesis method. Liposomes can 

e categorized as multilamellar vesicles with more than five 
ilayer membranes, oligolamellar vesicles with 2 to 5 bilayer 
embranes, and unilamellar vesicles (ULVs) with one bilayer 
embrane. ULVs could be subdivided into three categories: 

iant ( > 1 mm, GUVs), large (100 nm-1 mm, LUVs), and small
20 nm-100 nm in diameter, SUVs) [ 88 ]. 

Different preparation methods are used for different drugs.
or example, solvent evaporation (also known as thin-film 

ydration) and solvent dispersion methods are suitable 
or delivering lipophilic drugs. Reverse-phase evaporation 

echnology is the preferred means for packing hydrophilic 
rugs into liposomes. Further, there are various synthetic 
trategies, including the injection method, detergent removal,
ehydration–rehydration, and pH jumping [ 89 ]. As shown in 

ig. 5 A, Ma et al. [ 90 ] come up with that the thin-film hydration
pproach was utilized to produce cationic liposomes 
Lipo) employing Pluronic F127, 1,2-dioleoyl-3-trimethyl- 
mmonium-propane, and monoolein as raw materials. To 
erive C-dots@Lipo, the negative C-dots were electrostatically 
ound to the liposomes coated with a macrophage cell 
embrane. With a longer circulation duration and targeting 
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Fig. 4 – Representative cases of colon delivery of drugs by prodrug method. (A) Tofacitinib azo prodrugs that are specifically 

targeted to the colon were made using the 5-ASA-PABA-MAC and 5-ASA-PABA-diamine. Reproduced from [ 83 ] Copyright 
2022 American Chemical Society. (B) Schematic diagram of the utilization of a triggerable prodrug nanocoating to enable 
lesion-targeted dual activation of LMTs and SMDs for combination therapy. (C) Synthetic route of ROS-responsive CS-TA-BG. 
(D) IVIS images of the intestinal tract harvested from PBS, EcN + metformin, EcN@CS, EcN@12C, or EcN@TA group. 
Reproduced from [ 85 ] Copyright 2023 American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

functionality, C-dots@Lipo-M showed positive effects for
colitis that were both preventative and therapeutic ( Fig. 5 B).
However, liposome-based drugs are associated with several
issues, including easy leakage and unsuitability for long-term
storage. In addition to chemical modification, using solid lipid
nanoparticles (LNPs), especially nanostructured lipid carriers,
instead of traditional liposome preparations can significantly
improve their stability and encapsulation efficiency. 

2.2.3. Lipid nanoparticle (LNPs) 
LNPs, a specific kind of lipid vesicles, feature a lipid
core that is homogeneous [ 91 ]. It has been commonly
utilized for delivering small-molecule drugs and nucleic acids,
providing good biocompatibility, enhanced drug stability,
and controlled release, along with some drawbacks such
as process complexity, storage stability and size variation
[ 92 ,93 ]. LNPs have especially gained plenty of focus on
their effectiveness in delivering COVID-19 mRNA vaccines
[ 94 ]. LNPs can efficiently encapsulate and deliver molecules
of various sizes to the desired regions in animal models.
Liposomes, a precursor to LNPs, are incredibly adaptable
nanocarriers that have successfully progressed from concept
to clinical application due to their ability to transport small
molecules, proteins, and nucleic acids [ 95 ]. The following
generation of LNPs, including solid LNPs, nano structured
lipid vectors, and cationic lipid-nucleic acid complexes, is
characterized by more complicated internal designs and
increased physical stabilities. As the accuracy and timing of
local drug transport can be controlled across the body, LNPs
are utilized for treating various genetic diseases [ 95 ]. While
microinjection works well, its widespread use is limited by
the need for surgery and specialized injection techniques.
Therefore, researchers are focusing on developing oral LNPs.
For example, IL-22, a cytokine belonging to the IL-10 family,
is strongly associated with IBD susceptibility genes. It is a
key regulator of epithelial homeostasis that promotes wound
healing during intestinal inflammation. Junsik Sung et al.
created LNPs using a basic formulation of specific lipids found
in ginger previously reported [ 96 ]. They loaded the mRNA
IL-22 into the nanoparticles using a cationic polymer called
turbofectamine to achieve stabilization and condensation of
mRNA. They assessed the protective effect of the generated
particles on the target mRNA and revealed that oral delivery of
IL-22/nLNPs led to increased expression of IL-22 in the mouse
colonic mucosa and reduced the inflammatory levels without
affecting the gut microbial composition [ 97 ]. 

2.2.4. Mesoporous silica 
Mesoporous silica nanoparticles (MSNs) mainly include
ordered-type MSNs (OMS) and hollow/rattle-type MSNs,
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Fig. 5 – Representative cases of colon-targeted delivery of drugs by liposome. (A) The synthesis route of C-dots@Lipo-M. (B) 
C-dots@Lipo-M productively attenuates UC by modifying inflammatory routes and altering the redox micro-environment. 
Reproduced from [ 77 ] Copyright 2022 Elsevier. 
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hich are promising candidates for biomedical applications 
 98 ]. Based on their unique vantage of high biocompatibility,
istinct bioactivities, adjustable mesopore structure and 

roperties, and versatile synthesis, furnishing multiple 
ossibilities for transformative biomedical applications [ 99 ].
ut unclear metabolism and the safety studies in vivo require 
ttention. The size, shape, and structure of the pores of these 
SNs can be intentionally created, and the procedure of 

ynthesis can be easily regulated. Until now, most OMSs have 
een based on MCM-41, MCM-48, and SBA-15 type MSNs.
ther types of MSNs, such as IBN and FDU-n series MSNs,
re also ideal for biomedical applications [ 100 ]. Given the 
emarkably fast development of a wide range of applications,
SNs feature an interstitial hollow space and a mesoporous 

hell, resulting in low density and a large specific area.
hese characteristics make them excellent candidates for 
ew-generation drug delivery systems because of their 
emarkably large loading capacity [ 101 ]. Due to their special 
tructures, they are also suitable for multi-functionalization 

r co-delivery of several drug types. Currently, the primary 
evelopment methods include the soft and hard template 
trategy, selective etching method, self-template method,
elf-assembly method, and a modified Stöber method [ 102 ]. 

A recent report proposed loading ROS-scavenging ceria 
anoparticles onto MSNs and subsequently coated with 
egatively charged poly(acrylic acid) (PAA) on the surface 
 Fig. 6 A). Fig. 6 B shows that after oral delivery of inflamed
olon-targeted antioxidant nanotherapeutics (ICANs),
hey sequentially reach the intestinal lumen, attach to 
pithelial cells, and finally translocate within the mucosal 
icroenvironment, taking 6, 12 and 24 h respectively,

ccording to IHC examination of sectioned colon tissue. The 
elative scavenging activity of the optimized nanoparticles 
gainst ROS was more than 60 % even after being exposed 

o artificial gastrointestinal fluid. A few in vitro experiments 
onfirmed its adherence and internalization into inflamed 

pithelial cells and entering the lower layer cells of intestinal 
pithelium by means of transcytosis. Importantly, in vivo 
tudies revealed that it demonstrated preferential adhesion 

o the inflammatory epithelium and was disseminated 

round the inflamed colon tissue, efficiently reducing the 
everity of the lesion. Simultaneously improving epithelial 
arrier function regeneration and reducing inflammatory cell 

nfiltration and immunological responses are achieved by 
his redox balance modification. This strategy represents an 

ncomplicated yet efficient oral treatment for IBD [ 103 ]. 

.2.5. Yeast microcapsules (YMs) 
Ms are biodegradable, naturally hollow, porous, uniform 

icrospheres that can be used for the production of 
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Fig. 6 – (A) Representative cases of colon-targeted delivery of drugs by MSN. The ICANs were made of negatively charged 

poly(acrylic acid) (PAA) coated MSNs loaded with ceria nanoparticles (CeNPs), which scavenge reactive oxygen species (ROS); 
(B) IHC analyses of the mice’s colons gathered at various intervals. Reproduced from [ 103 ] Copyright 2023 American 

Chemical Society; (C) Representative cases of colon-targeted delivery of drugs by YMs. The manufacturing of BBR/MPN@YM 

through BBR and EGCG Self-Assembly, along with the anti-inflammatory mechanism; (D) Biodistribution of BBR/MPN@YM. 
Reproduced from [ 25 ] Copyright 2022 American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

vaccines and biopharmaceuticals. They can also encapsulate
and deliver active pharmaceutical ingredients, providing
a promising platform for oral nanotherapy [ 104 ]. YMs,
comprised of β−1,3-d-glucan, are elliptical and contain
pores with a diameter of approximately 2–5 μm. Various
therapeutic drugs can be encapsulated using YMs to
attain restricted drug release in the upper GIT to shield
it from breakdown within an acidic environment. After
oral administration, intestinal immune cells can recognize
β−1,3-d-glucan on the surface of YMs via several receptors
(including complement receptor 3 and dectin-1 receptors) and
transport it to Pan’s plaque. In the Pan’s plaque lymph nodes,
it is rapidly and specifically recognized and phagocytized
by macrophages and transported to the lesion site through
macrophage-mediated transport. Therefore, YM can be used
as a potential drug delivery carrier to be enriched in the
gut immune system for treating UC [ 105 ]. For example,
researchers have designed a safe macrophage-targeted oral
by encapsulating anti-inflammatory drugs, such as berberine
(BBR) and epigallocatechin gallate, in YMs to prepare BBR/MPN
NPs. These anti-inflammatory NPs, which can polarize
macrophages, were further encapsulated via chemical
precipitation to form BBR/MPN@YM ( Fig. 6 C). The β−1,3-d-
glucan on the superficies of these YMs can specifically bind to
the dectin-1 receptor on macrophages to transport the drugs
to the intestinal inflammatory site for internalization into
macrophages, effectively avoiding gastric degradation. In vivo
experiments have shown that BBR/MPN@YM has the ability
to switch M1 into M2 macrophages, resulting in a targeted
anti-inflammatory impact [ 25 ] ( Fig. 6 D). Therefore, YMs offer
a novel approach to targeting macrophages in the clinical
management of UC. The special advantage of yeast cells
that distinguished from other delivery systems is the ability
to transport both hydrophilic and hydrophobic molecules
and to protect them from light, heat, oxygen, humidity, etc.
Conversely, there are some issues, including time-consuming
loading steps and complex development of a yeast-derived
system. 

2.2.6. Metal-organic frame (MOF) 
MOF, a type of organic/inorganic hybrid material, has
generated a lot of attention since its discovery [ 106 ].
MOFs have a high specific surface area and regular pore
structure, which can improve the drug loading rate and
achieve a good sustained release effect. Currently, drugs
can be loaded onto MOFs by directly integrating the drug
molecule into the MOFs or their pores [ 107 ]. Moreover, an
assortment of interactions, including as hydrogen bonds,
van der Waals forces, the π- π effect between aromatic
rings, electrostatic contacts, coordination bonds, and covalent
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onnections, can result in the chemical conjugation or 
hysical encapsulation of pharmaceuticals within carriers. As 
 general rule, biomolecules are inserted into MOFs through 

iverse technologies [ 108 ]. Since the majority of MOFs are 
nsteady within physiological circumstances, the gradual 
ecomposition of MOFs via surface modification is crucial to 
revent the early release of drugs. Excessive ROS production 

nd up-regulation of the membrane-spanning glycoprotein 

D98 take on an essential function in the incidence and 

evelopment of UC. Researchers have coencapsulated carbon 

anodots and CD98 CRISPR/Cas9 plasmids to construct a 
iomimetic pH-responsive MOF carrier (ZIF-8) for site-specific 
reatment of UC. To improve the targeting ability, the CCZ and 

acrophage membrane were coextruded and disguised on 

he nanoparticles. After intravenous administration, the drug 
elivery system can accumulate in the UC inflammatory sites 
hrough the damaged vascular system. The mimmum pH ( < 7) 
onditions of the inflammatory site induce decomposition 

f ZIF-8, resulting in the releasing behavior of carbon 

anodot SOD-like nanozymes and plasmids. The leaking 
ano-enzymes can effectively curb ROS and reshape the 

nflammatory microenvironment. Simultaneously, the CD98 
RISPR/Cas9 plasmid diminished expression of the CD98 gene 
t the genomic level, thereby reducing the inflammatory 
esponse. Therefore, combining carbon dot nanozymes and 

he CD98 CRISPR/Cas9 system is a potentially desirable 
trategy in effect for UC treatment [ 26 ]. 

The current problems of MOF include nucleation growth 

usceptible to fluctuations in reaction conditions, low yield 

nd high cost of synthesis, reproducibility and stability, which 

ill need to be overcome in the future. 

.2.7. Biomimetic nanoparticles 
iomimetic nanoparticles have been studied for treating 

BD, which are composed of bionic functional parts and/or 
anostructured material support parts [ 109 ], including cell 
embranes vesicles (CMVs) [ 110 ], extracellular vesicles (EVs) 

 111 ], programmable probiotics nanoparticles [ 112 ,113 ] and 

iruses particles that have been considered as promising 
andidates for CTDDs attributed to their biocompatibility 
nd biodegradability. The nanoparticles can be imparted 

ith specific characteristics, such as good targeting and 

ow immunogenicity, by specially integrating them with 

iomimetic materials (cell membranes, lipoproteins, viruses 
r bacteria) to achieve better therapeutic effect [ 114 ]. Recently,
xploration of carriers coated with cell membrane has been 

onducted to evade the immune system by disguising the 
rug delivery particles. ROS-responsive materials based on 

-cyclodextrin were prepared using the characteristics of 
levated ROS levels in UC, and rosiglitazone was loaded to 
btain nanoparticles ( Fig. 7 A). Rosiglitazone is a PPAR γ agonist 
hat can induce macrophage M2 polarization, facilitating its 
herapeutic effect on UC. Initial research has shown that 
anoparticles coated with macrophage membrane can target 

he inflammatory colon and possess an inflammatory homing 
ffect, consuming substances that cause inflammation and 

indering it. The drug-loaded rosiglitazone then reaches 
he inflammatory site and polarizes macrophages to M2,
hereby even more handling the inflammatory surroundings.
his synergistic effect significantly alleviated in vivo colon 
nflammation [ 114 ]. However, the coating film may be 
estroyed during the coating process, and its long-term 

tability and security still need further improvement. 
Cell membrane vesicles, also known as CMVs, are vesicles 

hat are nanosized and encased in a heterogeneous lipid 

ilayer membrane. In addition to facilitating communication 

etween cells, they are in charge of carrying and delivering 
ucleic acids and proteins to a wide variety of recipient 
ells [ 115 ]. It is an effective drug delivery system composed 

f natural cell membranes with low immunogenicity and 

ong circulation time [ 116 ]. CMVs are separated using 
ltracentrifugation, involving low-speed rotation to exfoliate 
ellular debris, and subsequent high-speed spins to collect 
MVs. Sucrose gradients of densities can be employed to 

dentify vesicle types on the basis of density and to extract 
esicles from protein clusters. Cell membrane vesicles (CMVs) 
ffer several benefits compared to existing drug delivery 
ystems, including their capacity to surpass natural obstacles,
nherent cell-specific targeting abilities, and durability in 

he circulatory system. However, ultracentrifugation and 

ucrose gradients have several limitations, such as time- 
onsuming protocol, manipulator-dependent yield, and 

ossible agglomeration and fragmentation of CMVs due to 
obust shear strength [ 117 ]. Therefore, ultracentrifugation 

s not conducive to the large-scale preparation of CMVs 
nd their clinical applications. Therefore, novel isolation 

echniques, such as immunoaffinity isolation [ 118 ],
olyethersulfone (PES) membrane filtration [ 119 ], and size- 
xclusion chromatography (SEC) [ 120 ], are currently being 
nvestigated. 

CXCL12/CXCR4 binding is essential for chemotaxis, such 

s leukocyte transport and recruitment. Prior research has 
emonstrated a notable rise in CXCL12 levels in inflamed 

issues. Wang et al. [ 121 ] and colleagues introduced CXCR4 
ecombinant lentivirus into MC-3T3 cells to produce MC- 
T3 cell membranes enriched with CXCR4 ( Fig. 7 B). Then,
hey encapsulated curcumin into these CMVs via physical 
apture, obtaining CXCR4/cur-cmv with natural membrane 
urface properties and stable expression of the targeted 

rotein CXCR4. This CMV shows good biocompatibility 
ith enhanced targeting properties. Employing UC and 

eriapical periodontitis as models of illness, CXCR4/Cur- 
mv was shown to effectively target the inflammatory sites 
n vivo and significantly improve the symptoms degree of 
C and periapical periodontitis, revealing that the CXCR4- 

ich membrane is a promising targeted delivery strategy for 
reating IBD. In short, biomimetic nanomaterials integrate 
he advantages of low immunogenicity of biomaterials with 

ontrollability of intelligent drug delivery systems, but remain 

 formidable problem with cumbersome preparation, poor 
eproducibility, and demanding storage conditions. 

.2.8. Hydrogels 
ydrogel is a type of water-swollen 3D polymer network and 

ncounters adjustable physicochemical characteristics 
nduced by various mechanisms through cross-linked 

olymer chains dispersed in aqueous media, including 
hysical entanglement, ion interaction, and chemical 
rosslinking [ 122 ] ( Fig. 8 A). Physical gelation methods mostly 
ely on the intrinsic characteristics of the polymer, which 
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Fig. 7 – (A) Representative cases of colon-targeted delivery of drugs by YMs. Fabrication process and targeted therapy of UC 

by RMN NPs. Reproduced from [ 94 ] Copyright 2020 Ivyspring International Publisher; (B) Representative cases of 
colon-targeted delivery of drugs by cell membrane vesicles. The illustrated diagram depicts the production, inflammatory 

targeting, and regulation of CXCR4-CMVs in vivo . Reproduced from [ 101 ] Copyright 2021 The Authors. Advanced Science 
published by Wiley-VCH GmbH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

limit their ability to fine-tune hydrogel properties. However,
gelation can be easily achieved without modifying the
polymer chain and can usually be easily reversed when
necessary. Conversely, chemical methods can be used in
a spatially and dynamically defined manner to allow for
more controllable and precise crosslinking processes [ 123 ].
Hydrogels have been used in various biomedical fields,
including cardiology, oncology, immunology, wound healing,
and pain relief as a drug delivery system. The high water
content (70 % - 99 %) of hydrogels simulates physical tissue
conditions, enhancing their biocompatibility and capacity for
encapsulating hydrophilic medications. Variations in the size,
structure, and function of hydrogels determine how they can
be used for drug delivery [ 124 ]. 

A functional material with ROS-scavenging activity and
targeting properties has been developed using selenocysteine-
coupling HA nanohydrogel (SeNG). SeNG first binds to CD44,
which is exceedingly high expressing on the superficial
of inflamed cells, through HA and mediates its specific
enrichment in the colonic inflammatory sites ( Fig. 8 B).
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Fig. 8 – Cross-linking methods and representative cases of hydrogels. (A) Physical cross-linking methods. Reproduced from 

[ 122 ] Copyright 2021 Springer Nature; (B) Schematic illustration of the synthetic procedure and conservation effect of SeNG in 

a colitis model. Reproduced from [ 105 ] Copyright 2017 American Association for the Advancement of Science; (C) Schematic 
illustration of CS-CUR-NPs-Gel for oral macrophage-targeted drug delivery and pH/ROS dual-responsive drug release 
against UC. Reproduced from [ 125 ] Copyright 2022 Elsevier; (D) Schematic representation of the synthetic GAS hydrogel and 

the protective mechanism on the colitis epithelium. Reproduced from [ 126 ] Copyright 2023 American Chemical Society. 
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eNG can reduce the ROS level of target cells by directly 
cavenging ROS and upregulating the Nrf2/HO-1 signaling 
athway, thereby achieving efficient treatment of IBD [ 105 ].
u et al. developed a pH/ROS dual-sensitive chondroitin 

ulfate wrapped poly ( β-amino ester)-SA-PAPE copolymer 
anoparticle for UC treatment. After orally delivered, these 
ydrogel nanoparticles exhibited noticeable drug release in 

 ROS-rich environment, and could significantly alleviate 
nflammation in DSS-induced UC mice via TLR4-MAPK/NF- 
B pathway [ 125 ] ( Fig. 8 C). In addition, the development of
ydrogel-based nanomaterials targeting inflamed tissue and 

ontrolled to release anti-inflammatory drugs to modulate 
mmune function may be an excellent way to treat IBD.
ecently, Huang et al. designed a gallic acid/sodium alginate 
ybrid hydrogel (GAS), with multifunctional properties such 

s antiacid, mucoadhesive, sustained drug release, inhibited 

he expression of inflammatory cytokines, and regulated 

acrophage polarization; as expected, the GAS could 

ignificantly alleviate UC in mice [ 126 ] ( Fig. 8 D). Hydrogel 
elivery systems possess suitable release mechanisms,
n-demand release kinetics, high drug loading rates,
djustable responsiveness to various stimuli, and specific 
hermodynamic compatibility properties. However, they 
lso suffer from uncontrolled drug release rates and an 

s-yet-unknown long-term biocompatibility that needs to be 
ddressed. 

.2.9. Micro/nanorobots 
icro/nanorobots are minimal smart devices capable of 

ransforming the inner energy source or exterior physical 
timulation into mechanical forces to create independent 
ovement. They are mainly used for scheduled delivery of 

rugs because they can actively weave inside the human body 
sing multifarious patterns of propulsion to reach lesion areas 
hat are hard to reach by traditional drug delivery methods 
 127 ]. Presently, the primary power sources of the developed 

iomedical micro/nanorobots are active metals and H2 O2 ,
nzymes, light, electricity field, acoustic field, magnetic field,
acteria, and contractile and immune cells [ 128 ] ( Fig. 9 A).
lthough many methods have been used to transmit drugs 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100943 17 

Fig. 9 – The design strategy and representative cases of micro/nanorobots for precise drug delivery. (A) Different actuation 

energy methods include active metals and H2 O2 , enzymes, light, electricity field, acoustic field, magnetic field, bacteria, and 

contractile and immune cells. Reproduced from [ 128 ]. Copyright 2022 Elsevier; (B) Diagram illustrating the creation process 
of the TBY-robot and its use in delivering active targets and treating gastrointestinal inflammation; (C) Schematic 
illustration of intraintestinal barrier penetration of TBY-robot and transition to macrophage in a three-dimensional 
intestinal model; (D) Diagrammatic analysis of examination of TBY-robots’ chemotactic motion using a microfluidic 
apparatus. The distance between the mouse intestinal wall and intestinal lumen center is represented by the length of the 
channel. There is a 0.2 to 300 mM glucose gradient between the intestinal lumen and intestinal wall. Time-lapse depicts the 
chemotactic movement of TBY-robots toward an area with a lot of glucose; (E) TBY-robots switched to the macrophage 
bioengine in Peyer’s patches in situ . Nuclei (blue). Microfold cells (magenta). Macrophages (red). TBY-robots (green); (F-I) 
Representative H&E analysis of colons, bioluminescent images and colon length of are shown. Reproduced from [ 129 ]. 
Copyright 2023 American Association for the Advancement of Science. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to the colon in patients with moderate to severe IBD, it is
difficult for drugs to penetrate the lower parts of the intestinal
wall despite internal pressure of the intestinal cavity,
abundant enzymes, microbial metabolites, and intestinal
wall barriers. Nanorobots possessing autonomous power and
active targeting capabilities may overcome this problem. For
example, the twin-bioengine yeast micro/nanorobot (TBY-
robot) effectively penetrates the mucus barrier. It significantly
enhances the ability to retain in the intestines by utilizing
a dual enzyme-driven mechanism that moves along the
gradient of intestinal glucose. The TBY robot is transferred
to the Peyers’ plaque, where the enzyme-driven engine is
switched in situ to macrophage bioengineering and then
transferred to the inflammatory site using a chemokine
gradient ( Fig. 9 B). TBY-robots can self-propel towards a glucose
gradient, reach the intestinal wall within 2 min, and have a
chemotactic speed of 16.74 μm/s, 2.4 times higher than in
homogeneous glucose concentration (300 mM). ( Fig. 9 C- 9 E).
EMS-based delivery increased drug accumulation at the lesion
site by roughly 1000-fold, significantly reducing inflammation
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nd improving disease pathology in mouse UC and GC 

odels( Fig. 9 F- 9 I). The adaptive TBY robot provides a safe and
romising strategy for managing IBD and other inflammatory 
onditions [ 129 ]. 

Nevertheless, there are still many critical challenges 
bout micro/nanorobots that necessitate immediate attention 

nd further investigation. First, the develop of motion 

ontrol techniques. Exploring motion control techniques,
uch as photoelectric control, ultrasonic control, magnetic 
eld control, and chemical reaction control, should be 
oncurrently promoted to facilitate real-time monitoring of 
he working conditions of micro/nanorobots. Second, the use 
nd manufacture of new materials. Future research should 

ocus on using and developing biocompatible nanomaterials 
or reducing costs and expanding the applications of 

icro/nanorobots in biomedical fields. Third, the problems of 
linical testing and practical application. Some of the critical 
spects that require attention include regulatory barriers,
ffective control mechanisms, and the implementation of 
arge-scale systems in a safe and reliable manner. 

. Other complementary therapy options for 
C 

.1. Transplantation of intestinal organoids 

ntestinal organoid transplantation technology has 
evolutionized the biomedical field [ 130 ]. In a previous 
tudy, the 3D micro-organs were cultured in vitro using 
ertain body cells that are structurally similar to the source 
issue and organs [ 131 ]. Using the regenerative capacity 
f stem cells, researchers have used gut organoids to 
eplace damaged intestinal tissue in regenerative medicine 
 130 ,132 ]. Stem cells have been reported to move only to 
amaged tissues and areas of inflammation with homing,
romoting the regeneration of intestinal epithelium and 

ngiogenesis, improving intestinal inflammation, facilitating 
he transformation of inflammatory infiltrating T cells 
nd macrophages into an anti-inflammatory phenotype, and 

egulating the inflammatory response. To develop a system for 
ransplanting intestinal organoids into the colon, researchers 
ave used a DSS injury model to inject approximately 1000 
rganoids into the colon of mice with colitis through a flexible 
atheter. They closed the anal edge with glue to ensure that 
he cultured epithelial cells fully adhere to the damaged sites 
nd fill the stem cell niche. The results revealed that the 
eceptors on the epithelial lining of the inner intestinal walls 
ere almost completely replaced by the donor cells [ 133 ]. The 

ntire injection process requires only 10 min, making it a rapid 

nd convenient treatment option for UC. Additionally, using 
ells from the patient’s own receptor to prepare organoids can 

inimize the risk of transplant rejection. With their strong 
ifferentiation ability, stem cells have always been considered 

he ultimate means to cure many diseases completely. The 
linical application and prospects are encouraging. Stem cell 
echnology will be applied to treat various diseases to solve 
he key problems of disease treatment and enable customized 

recision medicine strategies. 
.2. Three dimensional printing (3DP) 

or formulating pharmaceutical dosages, 3DP can provide on- 
emand medication by integrating intricate release patterns 
nd geometries. Utilizing 3DP allows for a great level of 
exibility and control in creating intricate customized dose 
orms with various release profiles, enhancing precision in 

ndividualized therapy [ 134 ]. Several 3DP methods have been 

xplored for pharmaceutical applications, including binder 
njection, stereolithography [ 135 ], fused deposition modeling 
FDM) [ 136 ], and semisolid extrusion. 

For treating UC, 3DP technology is currently only applicable 
o solid preparations, mainly tablets and suppositories.
DM is the most commonly used 3DP technology owing 
o its versatility, simplicity, and low production cost.
oreover, by adjusting the infill density or dimensions,

D-printed suppositories’ dosage can be modulated. Kocabas 
t al. selected three kinds of formulations with 4 % (w/w) 
rednisolone sodium phosphate and diverse amounts of 
ydroxypropyl cellulose and mannitol [ 137 ] ( Fig. 10 A). They 
mployed an FDM 3D printer to produce these compositions 
s suppositories. The excipients and drugs were mixed and 

laced in the extruder to melt and squeeze into filaments 
t high temperatures. Next, according to the required shape,
lling density, and drug content, a 3D model was established 

sing CAD software. Finally, the preparation was completed 

sing layer-by-layer printing and deposition. In general,
emisolid extrusion is another commonly used mild 3DP 
echnology that is not related to the utilization of heat or 
V. This method endorses the consolidation of heat- or 
V-sensitive pharmaceutically active ingredients [ 138 ]. Ou 

t al.[ 139 ] developed a new type of 3D printed colon-targeted 

CORR3CT) budesonide tablet with adjustable and controllable 
elease to reduce off-target adverse reactions, which can 

lausibly supersede the use of enemas that are invasive 
nd usually correlated with poor compliance. CraftMakeTM 

as equipped with two printheads-used to print the outer 
hell and inner core-to print the CORR3CT tablets in a single 
rint job ( Fig. 10 B- 10 E). The drug-release behavior of four
ormulations was investigated by optimizing the material 
omposition of the shell and inner core. RC7000/R15M was 
elected for further study because the preparation can 

elease budesonide rapidly and completely in the colon area 
 Fig. 10 F). 

.3. Supplemental probiotics technology 

rally administered probiotics, especially Lactobacillus [ 140 ] 
r Bifidobacterium [ 141 ,142 ] as food supplements or microbial 
rugs, are safe and effective means to treat IBD patients due to 
heir ability to restore the gut microenvironment. Numerous 
tudies have revealed that gut microbiota and its metabolites 
xert multiple positive/ negative effects on inflammatory 
ignaling pathways and colon tissue regeneration and 

epair. Because of the reduced biological activity of the 
igestive juices in the GIT after oral administration and the 
omplex pathological environment at the lesion, probiotics 
re often challenging to colonize in the intestine; therefore,
sing a single probiotic is very limited [ 143 ]. Maintaining 
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Fig. 10 – Representative cases of colon-targeted delivery of drugs by 3D-printed technique. (A) Prednisolone phosphate 
suppositories made with 3D printing that have a customizable dose and release the drug quickly to treat IBD. Reproduced 

from [ 137 ] Copyright 2024 Elsevier. An outline of the 3D printing procedure for CORR3CT tablets. (B) Outside depict of 
CraftMakeTM Printer. (C) Pictures of two-printer units. (D) Diagrammatic representation of the CORR3CT tablet 3D printing 
process. (E) and (F) Initial gastrointestinal simulated system screening of colon-targeting formulations ( n = 3). Reproduced 

from [ 139 ] Copyright 2023 Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the biological activity of probiotics and improving the
pathological environment of IBD to enhance the intestinal
colonization of probiotics will effectively improve the efficacy
of probiotics for treating IBD. To maintain the activity
of bacteria and enhance the colonization of probiotics, it
has been studied to encapsulate the prodrug molecules
constructed by liposomes on the surface of probiotics.
Balsalazide (Bal), the precursor drug for the treatment of
UC, was assembled on the liposome 1-palmitoyl-sn–glycero-
3-phosphocholine (LPC) to form the prodrug nanomolecule
LPC-Bal. LPC-Bal was modified on the surface of Lactobacillus
rhamnosus GG (LGG) to construct a prodrug-encapsulated
probiotic LBL, which significantly improved the pathological
microenvironment, enhanced the intestinal colonization
ability of probiotics and the therapeutic effect of UC. This
research strategy has good potential for application in the
development of probiotic therapy [ 144 ]. 
3.4. Delivering SCFAs 

SCFAs are generated naturally in the colon as a result
of microbial fermentation of both dietary and endogenous
carbohydrates. They consist of 1–6 carbon-based anions,
including acetic acid (C2), propionic acid (C3), and butyric
acid (C4) [ 145 ]. SCFA mainly contributes to maintaining the
intestinal barrier, facilitating cell proliferation, enabling a
supplementary supply of epithelial barrier energy source, and
exerting anti-inflammatory effects during IBD [ 146 ]. The main
mechanisms that of SCFA signaling have been recognized,
which involve GPCR activation and histone deacetylase
inhibition [ 147 ]. Foxp3, a pivotal translational factor, is to
be mainly expressed by regulatory T cells (Tregs), which are
essential for controlling intestinal inflammation. In mice,
SCFAs modulate the abundance and functions of Tregs in the
colon and protect against colitis via GPR43 [ 148 ]. Moreover,
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PR41 and GPR109A induce different pathways to regulate 
ut microbial ecology for treating IBD. However, even with 

he use of enterically coated or encapsulated, butyrate has 
 malodorous and prolonged odor and taste [ 149 ]. Orally 
dministered butyrate, in the form of sodium salt, fails to 
e absorbed in the intestinal region, where it can provide 
herapeutic benefits. Instead, it is quickly metabolized to 
ustain its pharmacological impact. Specifically, a polymeric 
anoscale system derived from polymeric micelles supported 

y block copolymers was developed to transport butyrate 
o specialized areas in the GIT. Butyrate is linked to the 
ydrophobic bulk through an ester bond in this structure and 

ould be broken down by esterases located in the GIT for local 
elease. The connected butyrate groups enhance hydrophobic 
roperties in the hydrophobic segment. After being released,
he leftover structure (an inactive polymer that dissolves in 

ater) moves down the lower GIT until it is expelled. When 

he butyrate-incorporating lumps are at the central area of 
icelles, they can withstand the acidic conditions in the 

pper digestive tract, thus avoiding premature release before 
eaching the intestine. Both butyrate-prodrug micelles, NtL- 
utM and Neg-ButM, have comparable structures but differ 

n their corona charges, with NtL-ButM being neutral and 

eg-ButM being negative. As a result, they have different 
istributions in the lower GIT, with butyrate being released 

hrough enzymatic processes [ 150 ]. 

.5. Colonic vaccine delivery 

ral vaccination triggers innate and adaptive elements,
esulting in effective protection in both mucosal and systemic 
reas [ 151 ]. Induction of a protective or tolerogenic immune 
esponse requires the following: (1) efficient transportation 

f intact and functional antigens to the colon; (2) continued 

istribution of antigen to gut-linked lymphoid tissue and 

ransportation over the mucosal barrier into the submucosa; 
nd (3) subsequent immunomodulation with APCs [ 152 ,153 ].
. difficile is an opportunistic intestinal pathogen that 
roduces the toxins TcdA and TcdB, causing severe colitis 
nd subsequently resulting in considerable morbidity and 

ortality [ 154 ]. In their third clinical trial phase, two 
ntramuscular toxoid vaccines systematically induced toxin- 
eutralizing antibodies but failed to supply localized guard 

or the colon to prevent primary C. difficile infection (CDI). The 
uthors investigated whether intestinal symbiotic nontoxic C.
ifficile (NTCD) can be furtherly used to evoke antibodies to 
estrain the adhesion of C. difficile to epithelial cells during 
he premature period of the disease by overexpressing the 
olonization factor CD0873 and TcdB domain in the NTCD 

train T7. Hamsters were orally immunized with spores of the 
ecombinant strains T7–0873 or T7TcdB, and their intestinal 
nd systemic responses were analyzed. Inoculation with 

7–0873 effectively stimulated the production of antibodies 
n the intestines and notably decreased the attachment of 
oxin-producing C. difficile to Caco-2 cells. However, this 
accine needs to be further developed to target NTCD [ 155 ].
herefore, when treating IBD with colon-targeted delivery 
accines, attention should also be paid to the variations in 

he adhesion and abundance of flora that can easily cause 
ntestinal infections. 
. Therapeutic mechanism of colon-targeted 

rug delivery 

he mechanisms on which the CTDDs reach the region 

f inflammation and release the drug for the treatment 
f IBD revolve around four main scenarios ( Fig. 11 ): (1) 
odulation of immune-related pathways. By affecting the 

roliferation and differentiation of diverse categories of 
mmunological cells and the profuse secretion of immune 
ytokines, the nanodrug can promote the systemic immunity 
o reach homeostasis and avoid further tissue damage 
aused by inflammation; (2) Regulating the multiplication and 

ifferentiation of stem cells. The nanodrug stimulates the 
tem cells positioned at the bases of the intestinal crypts 
hrough various signaling pathways, restores their stemness,
nd promotes the proliferate and differentiate of stem cells 
nto other intestinal cell types, accelerating the repair of the 
issue itself; (3) Modulating the constitution and metabolic 
rofile of intestinal microorganisms. Nanomedicines can 

ffect the formation and abundance of intestinal flora and 

nterfere with the metabolism of endogenous substances by 
ntestinal flora, such as SCFAs, bile acids and arachidonic 
cid. These endogenous substances play a prominent role 
n the relief of inflammation in IBD patients; (4) Regulating 
xidative stress homeostasis. Nanomedicines can balance 
xidants and antioxidants by promoting peroxidase activity,
elivering antioxidants, or adjusting oxidative stress-related 

athways to alleviate inflammatory tissue damage. 

.1. Regulating immune-related pathways 

he effective site of the CTDDs depends on the drug,
nd the mechanism of treatment is mainly to regulate 
mmune-related pathways, mainly involving pathways such 

s MAPK, NF- κB, and the JAK-STAT pathway. The essential 
ubstances influencing these pathways are unclear, but the 
verall interactions can be subdivided into four categories: (1) 
etween the drug and the local target directly after delivery 
o the colon; (2) Between the product of microbial or enzyme 

etabolism and the local target after the drug reaches the 
olon; (3) Between the drug and intestinal microorganisms 
o alter the metabolites produced after reaching the colon; 
nd (4) The drug only removes the damage factors around 

he lesion instead of acting on the host tissue. All these 
odes of action affect the local composition and content of 

nflammatory factors by regulating the immune cell typing 
 e.g., M1/M2 macrophages and Treg/Th17 T cells) or secretion 

unction of immune cells. This further alleviates the evidences 
f IBD by recovering intestinal permeability, restoring mucus 
ecretion, and removing inflammatory substances. 

A statistic has shown that cytokines can influence 
ntestinal permeability under numerous conditions. The 
ytokine levels in UC depend on the disease stage and 

atient characteristics, which may lead to differences in 

reatment response [ 156 ] ( Fig. 12 A). However, the regulation 

f cytokines on the intestinal barrier is performed in a multi- 
mmune cell cooperative manner. Statistically, immune- 
elated inflammatory factors have been shown to significantly 
ffect intestinal barrier permeability during IBD. For example,
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Fig. 11 – The mechanism of nanomedicines for IBD treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IFN- α, IL-1 β, IL-4, IL-13, IL-18 and TNF- α increase cell
permeability, while IL-1 α, IFN- γ , IL-10, IL-15, IL-2 β and TGF-
β reduce it. Moreover, the effects of IL-17, IL-23 and IL-
33 are double-regulated under different conditions [ 157 ].
Colon-targeted delivery of drugs to regulate immune-related
pathways has been described as a treatment for IBD.
For example, Li et al. [ 158 ] designed orally administered
microspheres with olsalazine encapsulated in multilayer
pectin/CS/alginate composites treating UC. The multilayer
microspheres could downregulate NF- κB and TNF- α and
regulate the inflammatory factors IL-6 and IL-1 β to restore the
intestinal barrier and alleviate colitis. 

4.2. Regulating intestinal cell proliferation and 

differentiation-related pathways 

Promoting the proliferation and differentiation of intestinal
stem cells (ISCs) is also a key mechanism. Currently,
a few studies on nanomedicine have investigated this
mechanism, and it is considered a critical issue affecting
the reconstruction of the entire intestinal injury tissue.
Regeneration of epithelial cells is crucial for maintaining
barriers and organ function after intestinal damage. As
shown in Fig. 12 B, after intestinal inflammatory infiltration
injury, various cells provide factors to form niches that
promote intestinal epithelial cell regeneration. DAMPs have
the ability to activate immune cells like macrophages
during cell death. Epithelial cells can transmit signals to
macrophages through IL-25 as well as to ILC3s through IL-7.
Moreover, bacterial infection could sensitize these immune
cells. These ISC niches provide Wnt [ 159 ], Notch [ 160 ],
and epidermal growth factor signals [ 161 ] that support
Lgr5 + crypt basal columnar ISCs for regular epithelial
cell maintenance. The matrix in the epithelial layer is
not entirely internally regulated but requires regulation by
nonepithelial components. The niche microenvironment of
ISCs promotes epithelial cell regeneration, which is essential
for regulating the regeneration response [ 162 ]. The cellular
and noncellular elements that support regeneration following
intestinal epithelial damage are depicted in Fig. 12 C. The
microenvironment furnishes the epithelium with factors
that upregulate Wnt and YAP pathways. These components
are mainly derived from mesenchymal cells, immune cells,
bacteria, extracellular matrix, enteric nervous system, and
nutritional state. 

Studies have shown that IL-22 endures the ability to
activate phosphorylation of STAT3 in Lgr5 + ISCs, and that
STAT3 is essential for the creation of organoids and for
IL-22-mediated regeneration. IL-22 connects the immune
response to the regeneration of epithelial cells by directly
affecting ISCs. ILCs that have been purified stimulate the
growth of organoids in a way that relies on IL-22. IL-22
boosts epithelial regeneration mediated by ISCs, encouraging
cell cycle advancement, epithelial proliferation, and the
restoration of the ISC pool. IL-22 prompts the phosphorylation
of STAT3 in Lgr5 + ISCs. While IL-22 may not be the sole
regulator in ISCs, STAT3 is crucial for the formation of
organoids and the regeneration of epithelial cells dependent
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Fig. 12 – (A) Immune cells and cytokines that contribute to the pathology of UC. Reproduced from [ 156 ] Copyright 2022 
Elsevier. (B) Microenvironment of the ISCs niche that promotes epithelial regeneration. (C) Potential mechanisms for 
recruiting immune cells following injury. Reproduced from [ 162 ] Copyright 2020 Elsevier. 
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n IL-22. On the opposite side, the regeneration triggered 

y IL-22 does not depend on Paneth cells. These data 
ndicate that IL-22 could necessarily take part in regulating 
he compartment of injury-induced ISCs by activating IL- 
2 production and increasing crypt IL-22R expression [ 163 ].
herefore, along with alterations to the matrix and epithelial 
omponents needed for maintaining normal epithelium, IL- 
2 is activated after tissue damage to restore the epithelium,
howing the immunological involvement of the ISC niche. 

.3. Regulating the composition of gut microbiota 

hrough Toll-like receptors found on immunological and 

pithelial cells, the intestinal lumen bacteria can regulate 
ntestinal healing by identifying commensal bacteria. Studies 
ave shown that TLR4 knockout mice cannot recognize 
ymbiotic bacteria and initiate intestinal regeneration 

athways [ 164 ]. IBD is often associated with intestinal flora 
isorders. Reversing the disorder to achieve homeostasis 
f the intestinal flora is a critical therapeutic mechanism.
ased on several studies, microorganisms with imbalanced 

omeostasis play opposing roles in IBD, exerting protective 
nd aggravating effects [ 165 ]. 

Some intestinal microorganisms, including Bacteroides,
lostridium, Bifidobacterium, Lactobacillus , and Faecalibacterium 

enera, are beneficial for treating IBD. Bacteroides and 

lostridium species evoke the amplification of Treg cells 
nd reduce intestinal inflammation. Further, even the 
ost noticeable bacterial species, including Bifidobacterium,

actobacillus , and Faecalibacterium , might safeguard the 
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circulatory system against inflammation in the mucosal
lining through many pathways, such as reducing rates of
proinflammatory cytokines or boosting the plane of the
anti-inflammation cytokine IL-10. 

Contrastingly, some other steady-state imbalanced
microorganisms play a vital part in aggravating the disease.
Escherichia coli , for instance, is closely associated with
treating IBD with mesalamine, along with the reduction
of E. coli/Shigella during treatment. Fusobacterium is another
microorganism mainly colonized in the colon and associated
with colonic erosion damage. A study showed that the
abundance of Fusobacterium in the colonic mucosa was
extremely more massive in IBD patients than in the controls.
The invasive ability of human Fusobacterium isolates was
positively correlated with the state of the IBD host, suggesting
that it was invasive. In addition, it has been demonstrated
that rectal enema of human Fusobacterium isolates causes
erosion of the intestinal mucosa in rats and that IBD is closely
linked with an upsurge of sulfate-reducing bacteria, including
Desulfovibrio . 

4.4. Regulating the level of oxidative stress 

Oxidative stress is strongly associated with inflammatory
diseases [ 166 ]. Clinical studies have revealed that excessive
ROS, reactive nitrogen species (RNS), and proinflammatory
cytokine levels are closely linked with IBD [ 167 ]. Molecular
oxygen (O2 ) is the primary precursor for ROS, which
includes free radicals, reactive molecules, and ions derived
from O2, such as H2 O2 , O2 

•−, 1 O2 , and hydroxyl • OH.
Continuous exposure of the inflamed intestinal mucosa
exhibits cytotoxicity towards cellular DNA [ 168 ], lipids,
and proteins, resulting in progressively oxidizing damage
to gastrointestinal function, including poor absorption of
nutrition [ 169 ], elevated intestinal permeability and disrupted
gut motility [ 167 ]. Moreover, ROS steady-state imbalance can
induce lysosomal impairment and revitalize apoptosis or
necrosis pathways. 

Some CTDDs are treated by delivering natural antioxidants,
including vitamins, polyphenols, stilbenes, flavonoids,
metals (zinc, CeO2 , Mn3 O4 ), and other naturally occurring
substances, which can potentially scavenge ROS [ 170 ].
Certain intracellular antioxidants in organisms, such as
SOD, GSH, CAT, NRF2 and glutathione peroxidase (GPx), help
eliminate extras ROS to uphold cellular redox homeostasis.
Therefore, the currently developed redox CTDDs for IBD
mainly include enzyme-loaded, metal-loaded, polyphenol-
loaded, nitroxide radical-loaded, and natural pigment-loaded
nanodrugs. For example, Zhang et al. [ 171 ] synthesized oral
zero-valent molybdenum nanodots (ZVMNs) to treat IBD by
scavenging ROS. ZVMNs have been shown to downregulate
the ROS levels and alleviate colitis in a mouse model without
noticeable side effects. Moreover, RNA sequencing showed
that ZVMNs protect colon tissues against oxidative stress
by blocking the NF- κB signal pathway and decreasing the
generation of proinflammatory molecules. Moreover, the
degradability and metabolic excretion of nanocarriers
should also be considered. Ruoyao Li et al. [ 172 ] prepared
2D atomic crystals of tannic acid-coated hafnium disulfide
(HfS2 @TA) nanosheets by liquid phase exfoliation, which
can be used as high-performance anti-inflammatory
nanoreagents for targeted therapy of IBD. Utilizing the S2-/S6 +
valence state transition and large specific surface area for
advantages, the yielded HfS2 @TA nanosheets can effectively
eliminate ROS/RNS and downregulate proinflammatory
factors but can also be excreted through the kidney and
hepatoenteric system. Surprisingly, HfS2 @TA maintains
superior targeting ability to the inflammatory colon even in
hostile gastrointestinal environments, mainly accounting for
the electrostatic interaction between negatively charged
TA and positively charged inflammatory epithelium.
Encouragingly, when administered orally or intravenously,
HfS2 @TA rapidly inhibits inflammation and repairs the
intestinal mucosal barrier. 

5. Conclusion 

This review presents the emerging research landscape and
multiple strategies for CTDDs for managing symptoms of IBD
within the past 5 years. Despite the lack of effective treatment
protocols, targeted nanodelivery systems have become
a promising solution. However, several factors must be
considered and verified, from the experimental development
of the delivery system to clinical application. First, greater
attention should be paid to patient population classification
and the pertinence and suitability of nanopreparation
development. The data from clinical trials available on the
Clinicaltrials.gov website showed that the number of projects
for children ( < 17), adults (18–64), and older individuals ( >
65) is 795, 3131 and 2687, respectively, which are within
the statistical limits. This suggests that we must consider
the physiological differences between different age groups
while developing colon-targeted nanodelivery systems.
Optimizing applicable dosage forms for different populations
may be a better alternative approach. Second, the safety
and toxicity of these CTDDs need to be investigated in
detail. The guidelines and systematic regulatory documents
should be developed and continuously improved. Due to the
shortage of research data and details on acute and long-term
toxicity after the administration of drug delivery carriers,
it is difficult to provide practical support for the clinical
application of drugs. Although studies have shown that
certain delivery carriers have different extent of toxicity,
further research is warranted to determine the dosage and
scope of their applications. For example, carbon nanotubes
(CNTs) and engineered nanomaterials have enormous
beneficial applications and have previously been the research
hotspot of drug delivery system development. However,
studies have revealed that CNT exposure causes brain toxicity
[ 173 ], cardiovascular toxicity [ 174 ], and pulmonary fibrosis
[ 175 ]. The nanomaterial’s residual metal catalyst content,
stiffness, aggregated state, superficial charge, and other
physicochemical characteristics dictate the intensity of the
fibrogenic reaction. CNT-induced fibrosis pathways include
oxidative stress, macrophages’ immunological responses,
secretory cytokines and growth factor release, epithelial
cell damage, proliferation of pulmonary myofibroblasts,
and subsequent accumulation of extracellular matrix [ 176 ].
Because of the safety concerns and lack of practical strategies
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or controlling toxicity to ensure safe medication, research 

n the use of CNTs as delivery carriers has decreased 

ignificantly in recent years. In summary, the exploitation of 
TDDs is still in its initial stages. Further research should 

e conducted to thoroughly assess the toxicity of these 
anocarriers to ensure safety and avoid unnecessary 
xpenses. Third, the in vivo distribution, metabolism, and 

ondrug-related biological effects of nanomedicines require 
dditional attention. Because of the complexity of the colonic 
icroenvironment, selecting a disease model that can closely 

imulate human diseases and the patient’s conditions, such 

s the content and composition of intestinal microorganisms,
ypes and contents of local endogenous and exogenous 
ubstances, types and activities of enzymes, and levels of pH 

nd redox molecules, are critical. 
Additionally, challenges and future directions are worthy of 

n-depth discussion for CTDDs. Firstly, the impact of artificial 
ntelligent (AI) technology may revolutionize the design and 

evelopment of CTDDs in the future. AI in this area mainly 
nvolve machine learning (ML) and deep learning (DL) [ 177 ].
he integration of continuously updated AI into CTDDs design 

ay be enhanced high-efficiently in many aspects, including 
ctive molecule discovery [ 178 ], delivery system screening 
 179 ], structure-activity relationships forecasts [ 180 ], dosage 
orm optimization [ 181 ], quality control, pharmacokinetic 
imulation [ 182 ,183 ], efficacy and toxicity prediction [ 184- 
86 ], etc. It usually requires the creation of databases and 

raining sets, the construction of models and algorithms for 
valuation and tuning, and the forecasting and assessment 
f actual metrics [ 187 ]. In recent years, especially based 

n the physicochemical properties, AI has demonstrated 

umper potential for predicting and assessing the toxicity 
f nanomaterials [ 188 ]. Secondly, microenvironments impose 
igher demands on delivery systems but also provide some 
ovel opportunities to design and validate a variety of 
dvanced nanocarriers. Some key pathogenic bacteria in the 
BD patients may be promising targets. In response to the 
ovel coronavirus (COVID-19) that has swept the world in 

he past few years, vaccine research and development has 
een the layout focus and center of attention, and high 

xpectations have been placed on it. Among them, two mRNA 

anovaccines, BNT162b [ 189 ] (trade name Comirnaty) and 

RNA-1273 [ 190 ] (trade name Spikevax), are well known 

or their high protection efficiency and development speed.
n addition to the development of mRNA vaccines for 
umans, the world’s first mRNA vaccine for bacteria has 
lso been developed [ 191 ]. Since easily degradable mRNAs 
ust be delivered to cells in order to encode proteins 

nd currently rely mainly on LNP delivery, CTDDs may 
erve as one of the important platforms for future mRNA 

accines to treat IBD. Third, CTDDs in IBD diagnostics and 

rug monitoring will probably also be an important area 
f research. Nanobiosensors [ 192 ], for example, in detecting 
isease markers and monitoring gut health, will probably 
elp inform and underpin new research on CTDDs. In short,
anotechnology will play an increasingly important role in the 
revention, treatment and diagnosis of IBD. Interdisciplinary 
ooperation will be the key to achieving this goal. It is believed 

hat nanomedicine will have more breakthroughs in the 
reatment of IBD. 
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