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Abstract: The effective colon drug delivery remains to be an international frontier research 
in inflammatory bowel disease (IBD) therapy. The exploration and research of nanocarrier- 
based nanomedicine with great potential brings new opportunities for IBD therapy and 
diagnoses. Functional nanocarriers with varying morphology and characteristics can not 
only effectively avoid the destruction of the complex gastrointestinal (GI) tract microenvir
onment but also endow drugs with target therapy and improved bioavailability, thus elevating 
therapeutic efficacy. In this review, we illustrated several challenges in IBD therapy, then 
emphasis on some latest research progress of nanoparticles based therapy of oral adminis
tration, rectal administration and parenteral administration, as well as IBD diagnoses. Finally, 
we described the future perspective of nanocarriers in the treatment and diagnoses of IBD. 
Keywords: inflammatory bowel disease, gastrointestinal tract microenvironment, drug 
delivery system, precise therapy, diagnose

Introduction
Inflammatory bowel disease (IBD), exemplified by Crohn’s disease (CD) and ulcera
tive colitis (UC), is a chronic idiopathic inflammatory condition that is associated with 
an increased risk of colorectal cancer.1,2 Due to the multifarious etiology and complex
ity of IBD, an effective treatment strategy for IBD remains an urgent need and 
scientific issue. The primary therapeutic goals of UC treatment are to improve 
patients’ quality of life by maintaining clinical remission and reducing treatment 
complications. Clinical therapeutics include 5-aminosalicylic acid derivatives (eg, 
sulfasalazine), glucocorticoids (eg, prednisone), and immunosuppressants (eg, tacro
limus, azathioprine and mercaptopurine) that have achieved considerable success.3 

Nevertheless, conventional therapeutics remains a major challenge for further clinical 
application. The potential reasons for this are as follows: conventional drug-adminis
tration modalities, such as oral administration, intravenous administration, and rectal 
administration of therapeutic agents, are usually accompanied by limited therapeutic 
efficacy, inevitable adverse effects and/or dependency.4,5 In addition, these therapeutic 
agents are not selective, which results in nonspecific distribution, particularly in blood 
vessels, liver and kidney. Notably, extended overuse can lead to the development of 
multidrug resistance (MDR).6,7 In addition to the aforementioned challenges, the short 
half-life and low bioavailability of biological agents strictly limit their therapeutic 
effects to a large extent.8 Therefore, the critical goal of enhanced IBD therapy is 
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bypassing the complex gastrointestinal tract (GIT) microen
vironment to achieve targeted drug delivery, maintain drug 
activity and maximize drug availability.9

Because of bottlenecks in traditional clinical IBD ther
apy, many studies have been conducted to improve the 
therapeutic strategies more be more efficient and safe.10 

Nanomedicine-based drug delivery systems (DDSs), as pro
ducts of emerging technology with unique drug delivery 
properties, have expanded the opportunities for IBD therapy 
and, to some extent, have paved a new avenue to solve the 
aforementioned problems.11 Nanoparticles are composed of 
new types of material and range from 1 to 100 nm in 
diameter, and nanoparticle-based DDSs have different 
shapes, structures, and sizes. Therapeutic agents can be 
loaded to nanoparticles by encapsulation, surface attach
ment, or entrapment.12 For decades, the DDSs such as lipid 
nanoparticles,13 polymer nanoparticles,14 mesoporous nano
particles (eg, MSN, MPDA),15 chitosan nanoparticles,16 

hydrogel nanoparticles17 and metal nanoparticles18 have 
been used in delivering therapeutics for managing disease 
(Figure 1). The goal of nanomedicine-mediated IBD therapy 
is to protect drugs from premature release and degradation to 
achieve targeted accumulation in the inflamed area. 
Nanoparticles have a large surface area, tunable size and 
modifiable surface, providing opportunities for achieving 
treatment goals.19 More importantly, particularly small nano
particles are endowed with the ability to permeate the 
mucosa layer efficiently and enter individual intestinal 
epithelial cells20 and thus achieve passive targeting via 
enhanced epithelial permeability and retention (eEPR) 
effects in the inflamed area of the colon.21 Therefore, the 
advantages of DDSs include high drug-loading capacity, 
efficient drug protection, targeted drug delivery, controlled 
drug release, excellent biocompatibility and reduced dosage 
frequency, effectively improving the bioavailability and ther
apeutic efficiency of drugs.22

Nevertheless, the mechanism of targeted drug delivery 
mainly depends on the physiological conditions of the 
inflammation area and the corresponding functional design 

of the nanoparticles. DDSs, often endowed with the capa
city for pH-induced accumulation,23 charge-mediated 
interaction, reactive oxygen species (ROS)-mediated 
accumulation,24 (glutathione) GSH-mediated accumula
tion, enzyme-mediated accumulation (Figure 2) and other 
effects, have been successfully developed and adopted for 
oral drug delivery.

Therefore, this article comprehensively reviews the 
recent progress of nanoparticle-based IBD therapy. First, 
the major challenges associated with drug delivery are sum
marized. Then, the accumulation properties of drug-loaded 
nanoparticles in the inflamed colon, including passive tar
geting and active targeting are depicted, and the principles of 
nanoparticle application strategies are highlighted. Further, 
we focus on the recent advancements of nanocarrier-based 
treatment strategies based on active targeting, passive target
ing and inflamed colon-activated nanotherapy, including pH- 
, ROS-, GSH- and enzyme-based activated nanotherapies, 
and the application of nanoparticles based diagnose was 
depicted. Finally, the prospects and challenges in the rapidly 
growing field of nanoparticle-based IBD therapy are dis
cussed, including their expected future applications.

Major Challenges in 
Nanocarrier-Based IBD Therapy
Among the different routes of administration of the med
ications, patient compliance cannot be overemphasized. 
Although oral administration is considered the best choice, 
offering patient convenience for long-term use,25 it must 
be recognized that drugs administered through this route 
are inevitably exposed to the complex GIT microenviron
ment, and drug absorption and utilization are thus affected. 
Similarly, nanoparticle-based DDSs face a series of chal
lenges that hinder the transport and absorption of drugs, 
reducing their efficacy, similar to the effects of intravenous 
and rectal administration. Moreover, for small molecules 
drugs in traditional medicine, when administered alone, 
many exhibit low bioavailability, let alone biological 

Figure 1 Nanoparticles that is suitable for drug delivery, including lipid nanoparticles, polymer nanoparticles, mesoporous nanoparticles, chitosan nanoparticles, hydrogel 
nanoparticles and metal nanoparticles.
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agents. In this section, some of the main challenges to 
nanotherapy are depicted.

The GIT pH and Enzyme
The pH in different GIT regions, including the inflamed 
areas, show significant differences, from the highly acidic 
stomach (pH 1.0–2.5) to the neutral or slightly alkaline 
duodenum (pH 6.0) to the microalkaline jejunum and 
ileum (pH 6.0–7.5), which must be considered in drug 
delivery.25,26 Specifically, gastric acid is the main chal
lenge to oral administration. Therapeutic agent exposure 
to acidic microenvironments can lead to hydrolysis, oxida
tion or deamidation of the biological agents, leading to 
deactivation.27 In particular, pH changes are likely to 
affect the composition of the colonic microbiome and 
thus the charge of the mucus.

In addition to pH, the complex enzyme environment in 
the GIT is a major challenge. Gastric enzymes (mainly 
pepsin) and other digestive enzymes (hydrolase, lipase, 
peptidase and amylase) are possible causes of drug 
instability, and therapeutic agents such as biological agents 
are susceptible to degradation by various digestive 
enzymes in the GIT.28 Multifunctional DDSs, with their 
unique drug delivery advantages, are favored in the field of 
IBD therapy research because they are not prone to acid 
degradation or have anti-enzymatic activity. Previous stu
dies have demonstrated that triglycerol monostearate- 
based hydrogels and ascorbyl palmitate (AP) nanoparticles 
can efficiently protect drugs from being degraded by 
enzymes.17 Overall, multifunctional DDSs contribute 

a new strategy to IBD therapy by their ability to avoid 
enzyme degradation in the gastrointestinal tract.

Intestinal Mucosa
Notably, intestinal mucosa should also be considered. The 
intestinal mucosa is a negatively charged,29 highly viscoe
lastic, adhesive and thick (830 ± 110 μm) layer that covers 
the mucosal surface of the GIT,30 which greatly influences 
the targeted accumulation of drugs. Notably, most guest 
molecules are cleared in different ways and thus cannot 
penetrate the mucosa to enter into the systemic circulation, 
which significantly reduces the amount of drug that 
crosses the epithelial layer of the gastrointestinal tract. 
Therefore, the design of drug delivery systems for mucosal 
permeation (eg, surface modification) has recently 
attracted considerable attention among researchers.29 To 
date, the exact mechanism of DDS mucus adhesion has 
not been fully understood, but it is generally believed that 
due to interpenetration of mucus macromolecules and 
mucosa, specific interaction types, including electrostatic, 
hydrogen bond and hydrophobic interactions, are 
established.31

In addition, the replacement of colonic mucin carbohy
drate by sulfate and sialic acid residues results in a large 
number of negative charges on the colonic mucin surface. 
Therefore, drug carriers based on charge interactions 
entering the inflamed bowel provide broad convenience 
for drug delivery. Nanoparticles attached to the mucosa 
promote better contact with the surface of the mucosa, thus 
promoting the absorption of particles and showing better 

Figure 2 Schematic illustration of GIT microenvironment-based target drug delivery.
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drug release behavior. This innovative utilization of the 
intestinal mucosal microenvironment provides a new way 
to transport drugs effectively for the treatment of IBD.

Colonic Microbiome
We appreciate the importance of the intestinal microbiome 
in GI physiology. The natural microflora of the colon 
contains metabolically active bacteria and fungi that are 
closely related to the host’s epithelial cells and mucosal 
immune system.32 Although some studies have shown that 
the internal state of these bacteria is relatively stable in 
IBD, the increase in microbial species, such as 
Bacteroides, Eubacteria, and Streptococcus, often leads to 
a decrease in diversity, which has a negative impact on the 
stability of other populations.33

Additionally, changes in the microbial composition and 
function in IBD often lead to enhanced immune stimulation/ 
mucosal permeability, as well as epithelial dysfunction. 
Thus, the impaired gut barrier in IBD allows GIT bacteria 
to penetrate the intestinal wall, causing inflammation by 
immune cells, and limited treatments available to prevent 
this cascade are limited. The results of gut impairment in 
a mouse model showed that the prolonged intestinal water 
secretion resulted in a decrease in colonic transit time and 
a change in colonic microflora.34 Therefore, the drug transit 
time in IBD patients may be twice as long as that in healthy 
individuals, which makes it difficult to target specific areas of 
the intestine with conventional drugs.

Drug Efflux at the Cellular Level
Finally, at the cellular level, the excessive use of therapeutic 
agents can lead to MDR of target cells. The overexpression 
of the membrane protein P-glycoprotein (P-gp) encoded by 
MDR1 gene in the basolateral-to-apical direction across 
epithelium has been identified to be one of the most relevant 
causes of MDR.6 This glycoprotein belongs to the ATP- 
binding cassette (ABC) family 1, it can act as an ATP- 
dependent drug efflux pump to pump a variety of structurally 
and pharmacologically unrelated neutral and positively 
charged hydrophobic compounds out of cells and reduce 
intracellular accumulation.35,36 The overexpression of the 
P-glycoprotein in epithelium limited the bioavailability of 
therapeutic agents to a large extent.37 In addition to P-gp, 
MRP2 and BCRP expressed on the apical membrane of 
intestinal are also epithelia efflux transporters, which trans
port relatively hydrophilic compounds.38 Therefore, the drug 
selection and design strategy of appropriate drug carriers will 
pave a new path for the treatment of IBD.

As discussed in this section, the change in the GIT 
microenvironment caused by different physiological and 
pathological factors is the main reason for poor drug 
efficacy. By analyzing these factors, DDS-based protective 
and targeted drug delivery strategy may be practical and 
effective for IBD nanotherapy.

Different Administration Methods
As previously depicted, there are different administration 
methods in IBD therapy. Compared with oral administration, 
intravenous (I.V.) injection provides high systemic bioavail
ability and reduces the first-pass metabolism of drugs. 
However, for intravenous (I.V.) injection, blood circulation is 
the first step for DDSs in the journey, the phagocytosis of 
macrophages is inevitable. Moreover, blood is a very complex 
liquid, including salt, sugar, protein, enzymes and amino acids 
and other substances, which make the instability of nanocar
riers caused by aggregation and embolism.39 Intravenous (I.V.) 
injection provides high systemic bioavailability and reduces 
first-pass metabolism of drugs. However, the high systemic 
bioavailability inevitably increases the possibility of severe 
drug side effects. Rectal administration offers topical delivery 
and provides local high concentrations of drugs for the distal 
colonic, thus leading to lower systemic drug exposure.40 For 
rectal administration, poor drug retention and limited medica
tion adherence remain challenging; this topical therapy may 
have problems with leakage, retention, and bloating.41 

Nevertheless, in chronic gastrointestinal diseases that require 
long-term medication, injectable administration of drugs is 
less desirable than oral administration, as injections are asso
ciated with pain and require specialized personnel for their 
administration. Therefore, oral drug delivery strategy is pre
ferred. For the efficient use of some biological agents, we 
believe that the design of nanocarriers will break the bottle
neck and have good potential in IBD therapy applications. 
With the development of nanotechnology, DDSs can protect 
drugs from damage and enable them to anchor specifically to 
the sites of disease.

Passively and Actively Targeted 
Drug Delivery
In general, therapeutic agents delivered in vivo should be 
protected and their premature release should be prevented 
to ensure that the drug accumulates in the inflamed area of 
the colon to the maximum extent, thereby selectively 
relieving intestinal inflammation without affecting normal 
tissues. For example, with comprehensive studies on the 
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cellular and molecular mechanisms of the IBD pathogen
esis, a growing number of biologics, such as antitumor 
necrosis factor receptor (TNF-α), nucleic acid receptor 
fragments and monoclonal antibodies, have been 
developed.42–44 Unfortunately, the biologics often leads 
to nonspecific distribution, causing a variety of adverse 
reactions and reduced compliance, and the drugs are prob
ably degraded by various digestive enzymes in the 
GIT.27,45 The complex GIT microenvironment is a threat 
to the bioavailability of biologics, thus limiting the effi
cacy of oral administration.46,47 Therefore, to maximize 
the therapeutic effect, it is essential to develop innovative 
drug delivery strategies to protect drug activity.

Fortunately, with the development of multifunctional 
targeting strategies, DDSs seem likely candidates to meet 
these strategic goals. In general, targeting methods are 
classified into two categories, namely, active targeting 
methods and passive targeting methods.48 The mechanism 
by which a drug is targeted for delivery to the inflamed 
area mainly depends on the microenvironment of the 
inflamed colon and the corresponding functional modifica
tion. For instance, the physical properties of DDSs, such as 
particle size, are crucial factors in the targeted accumula
tion of drugs.20 In contrast, active targeting involves sur
face functionalization of the excipient with target-specific 
ligands and/or receptors to increase its selectivity.49 

Therefore, targeted drug delivery can lead to more-precise 
spatial positioning, improve the therapeutic effect of the 
delivered drugs, overcome the aforementioned challenges 
and minimize adverse effects on healthy tissues.50 

Therefore, in this section, nanotechnology-mediated tar
geted drug delivery, including passive and active targeting, 
is discussed in detail.

Passive Targeting
Despite the continuous innovative design of the DDs, poor 
intestinal accumulation and permeability are major chal
lenges in the application of the DDs.51,52 As explained 
above, eEPR has an effect in the inflamed area of the 
intestine. Due to the increased permeability of the vessels 
and epithelium in of IBD, nanocarriers with sizes from 10 
to 200 nm can accumulate and penetrate through the 
intestinal mucosa through the eEPR effect, thereby 
increasing the residence time in the target area and 
improving the efficacy of the drug.53–55 This effect is 
based on the histopathological abnormalities of colon tis
sue, such as the loss of barrier functions caused by the 
rupture of the intestinal epithelial cells, the increase in 

epithelial permeability, and the obvious infiltration of 
inflammatory cells into the mucosa.56

Notably, as we all know, the toxicity and side effects of 
metal nanoparticles such as those consisting of Au and Ag 
elements with small particle sizes cannot be ignored. 
Metal nanoparticle-based composite DDSs are designed 
and developed to increase biocompatibility.18 For exam
ple, Au nanoparticles coated with tiopronin and smaller 
than 10 nm were introduced to verify the treatment 
efficiency.55 Compared with nanoparticles larger than 10 
nm, the system with the smaller nanoparticles can be 
absorbed by intestinal epithelial cells faster and diffuse 
through the interior of the cells. This drug-loading system 
has been shown proven to inhibit the production of ROS, 
scavenge free radicals, and improve the antioxidant 
enzyme activity in diabetic mice. Considering the effect 
of eEPR in IBD and the ROS-scavenging characteristics of 
the system, a better combined therapeutic effect can be 
obtained.

In addition to size dependency, surface characteristics 
such as surface charge and surface chemistry are also 
crucial to passive targeting and may enhance the accumu
lation of smaller nanoparticles. For oral administration, 
positively charged DDSs are vulnerable to elimination by 
enzymes or may physically attach to the mucosa via 
charge interactions.30 Therefore, surface charge inversion 
of nanoparticles by controlled modification such as chit
osan-based lipid nanoparticles is a creative strategy.16 

A previous study demonstrated that positively charged 
proteins (including transferrin,57 eosinophil cationic 
protein58 and bacteriostatic protein59) accumulate in the 
inflamed colon. Therefore, the positively charged surface 
of damaged permeable epithelium provides a target for 
drug carriers with a negative surface charge,57 which is 
a very useful strategy for passive targeting-mediated drug 
delivery. Research related to the negatively charged sur
face design of nanoparticles for accurate therapy of the 
inflamed colon has become a research hotspot. PEGylation 
with neutral to slightly negative net charge is a common 
surface modification,44,60 and the surface coating of nega
tively charged heparin (HEP), hyaluronic acid (HA),61,62 

and nanozymes63 can also increase the accumulation of 
nanoparticles with positively charged proteins on the 
inflamed mucosa.64 For instance, nanozyme-based nano
particles with a negative surface charge showed enhanced 
passive targeting and inflammation relief. Zheng et al 
designed and prepared a manganese Prussian blue nano
zyme (MPBZ) system with multienzyme activity by 
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mixing Mn2+ ions with polyvinylpyrrolidone (PVP) and 
[Fe(CN)6]4- ion sources with PVP.63 Nanosystems with 
negative surface charges can effectively accumulate in 
inflamed colonic mucosa, and MPBZs can act as ROS 
nanoscavengers. In vivo experiments showed enhanced 
accumulation of DDSs at the inflamed mucosa in mice 
with DSS-induced colitis.

In addition to surface charge modification, nanocarriers 
with a negative charge itself also have potential for use in 
passively targeted accumulation. These nanocarriers not 
only simplify the process of charge modification but also 
have a high drug-loading capacity. Zhang et al designed 
and constructed a negatively charged mesoporous carbon 
nanoparticle-based antimicrobial peptide (MDC)-loaded 
MDC@MCN system,65 and the excellent stability of the 
MCNs protected the MDCs delivered to the GIT from 
degradation. Combined with a negatively charged surface, 
this DDS greatly improved targeted enrichment efficiency 
at the inflammatory site in the intestine. As expected, oral 
administration of MDC@MCNs significantly ameliorated 
UC by reducing inflammation and oxidative stress, main
taining the intestinal mucosal barrier, and regulating the 
intestinal flora, with efficacy and safety superior to that 
of MDC.

In addition, clinically approved naturally negatively 
charged montmorillonite (MMT), which has been clini
cally used, can also be effectively used in charge interac
tion-mediated passive accumulation. Zhao et al designed 
and synthesized a nanozyme system of CeO2@MMT, 
which is capable of oral administration.66 The MMT sheets 
can effectively avoid systemic absorption of CeO2 and 
enhance the accumulation of the DDSs in inflamed sites 
through charge interactions. CeO2 can impart MMT with 
anti-ROS capabilities, and thus inflammation can be alle
viated. The designed CeO2@MMT nanozyme system with 
effective targeted drug delivery and ROS-scavenging 
activity will inspire novel strategies for developing nano
medicine in the future. Taking full advantage of the unique 
positive charge characteristics of inflammatory sites, 
NDDSs based on charge interactions to enhance accumu
lation have been developed and have shown excellent 
therapeutic effects.

Due to the intrinsic properties of rosmarinic acid (RA) 
with poor water solubility and low bioavailability, Chung 
et al developed PEGylated RA-derived nanoparticles 
(RANPs) with a diameter of 63.5 ± 4.0 nm.67 The 
PEGylated bioactive compound-derived nanoparticles not 
only achieved 100% RA loading capacity68,69 but also 

achieved safer and longer RA circulation in the blood 
after intravenous injection. Therefore, RANPs can prolong 
the biological activity and have a higher probability of 
accumulating in the inflamed tissues where the vascular 
permeability is increased. In an acute mouse colitis model, 
RANPs effectively scavenged ROS, protected cells from 
ROS-induced damage, and passively targeted the inflamed 
colon and protected it from oxidative damage, thereby 
promoting remission of colonic inflammation without 
increasing toxicity.

These properties (size and surface charge) are expected 
to favor particle diffusion, association, and uptake into 
more-permeable positively charged lesion sites. Although 
smaller nanoparticles with a modifiable surface can accu
mulate at the inflammation site through the eEPR effect,70 

the therapeutic effect of this passive targeting is contro
versial because of the diversity and complexity of the 
intestinal microenvironment. PEGylation, a liposome coat
ing, and a negatively charged design of nanoparticles 
improved the efficiency of passive targeting through the 
stable transportation of drugs and the eEPR effect. 
However, DDSs will inevitably enter normal intestinal 
mucosa.

Active Targeting
The nanoscale and the surface physicochemical proper
ties of nanoparticles mediating passive accumulation 
enhance the delivery of drugs to the inflamed area of 
the colon through stable transportation and the eEPR 
effect. Although the nanoparticle-based passive target 
strategy has been shown to be effective in vivo, it still 
has some limitations. The eEPR effect can only facilitate 
the accumulation of the DDSs in colitis tissue, and low 
cellular uptake efficiency by the targeted cells and insuf
ficient intracellular drug release limit the therapeutic 
efficiency of the anti-inflammatory drugs. Therefore, 
the development of nanocarriers that can actively target 
inflammatory cells is expected to achieve more precise 
spatial positioning to improve the therapeutic effect and 
minimize adverse effects to the healthy tissues.50 For 
example, CD44, a transmembrane glycoprotein overex
pressed by macrophages, is considered to have potential 
for use in active targeting.71–73 In addition, as natural 
ligands of α4β7 integrin, ICAM174 and MAdCAM175 

have been recognized as markers of IBD, and anti- 
MAdCAM1 and anti-ICAM1 therapies have attracted 
the attention of clinicians and pharmaceutical companies 
as promising targets. Therefore, the surface modification 
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of nanoparticles with ligands that bind to specific recep
tor molecules on the membrane can effectively trigger 
receptor-mediated endocytosis.76,77 In this section, some 
of the active targeting-related research is introduced.

Many receptor-specific ligands can be used to design 
the oral colon-specific targeting DDSs. For example, hya
luronic acid (HA) with negative charges possesses many 
advantages, such as nontoxicity, low immunogenicity, and 
biodegradability, and has been used in ligand-mediated 
drug delivery.77 Generally, HA binds with high affinity to 
CD44.71 Xiao et al designed and produced the HA-func
tionalized siCD98/CUR-co-loaded polymeric 
nanoparticles.78 The functionalized system performed the 
targeted drug delivery to the colonic epithelial cells and 
macrophages by the interaction of HA (ligand) with CD44 
(receptor). Overall, polymeric DDSs achieve synergistic 
treatment through mucosal protection and better therapeu
tic effects than a single drug. In addition, another similar 
functionalized system consisting of the HA-KPV-NPs 
(hyaluronic acid-lysine-proline-valine-nanoparticles) fabri
cated by the same group showed a similar function in UC- 
related cell targeting.79

To achieve precise active targeting of drug-loaded 
nanoparticles and further reduce their side effects, Gou 
et al designed and produced core-shell nanoparticles com
posed of the antioxidant and anti-inflammatory drug cur
cumin (CUR) and the CD44 ligand chondroitin sulfate 
(CS) (CS-CUR-NPs) through surface modification.80 In 
addition, the CS-CUR-NPs were encapsulated into 
a hydrogel (chitosan/alginate) to ensure stable transport 
through the stomach and small intestine and further release 
of nanoparticles due to their degradation in the targeted 
area in the inflamed colon. As expected, after oral admin
istration or intravenous (I.V.) injection, the DDS achieved 
enhanced accumulation through eEPR and regular EPR 
effects, actively targeting macrophages through the CD44 
transcytosis pathway and exhibiting controlled intracellu
lar drug release.

Interestingly, MAdCAM-1 can act as a target in of 
IBD, and the ablation or inhibition of MAdCAM-1 ame
liorates colitis in the DSS-induced IBD.81 In another study, 
Truffi et al developed anti-MAdCAM-1 antibody-functio
nalized MnO nanoparticles with low toxicity.82 By 
actively targeting the MAdCAM-1, the MnO nanoparticles 
achieved enhanced accumulation in the inflamed bowel 
sites in a murine model of acute colitis.

Benefiting from good biocompatibility and water 
insolubility, the β-glucan-based cytoskeleton of a yeast 

cell wall with a uniform particle size of 2–4 µm acted as 
a nanocarrier for IBD therapy.83 Moreover, β-glucans are 
pathogen-associated molecular patterns recognized by 
dectin-1 and complement receptor 3 (CR3) on the 
macrophage cell membrane, thus enhancing active tar
geting-mediated phagocytosis.84 Sun et al synthesized 
yeast cell wall-coated immunosuppressive agent metho
trexate (MTX)-loaded nanoparticles (YGPs/MTX) for 
targeted IBD therapy.85 Taken orally, the drug-loaded 
system preferentially internalized into macrophages, 
which promoted the uptake of MTX by macrophages, 
leading to the suppression of NO, TNF-α, IL-6, and IL- 
1β secretion. With the active targeting effects, the YGPs/ 
MTX showed excellent anti-inflammatory effects 
in vivo.

In addition, the mannose receptor, as a pattern recogni
tion receptor that is exclusively expressed on the surface 
of macrophages and involved in the immune response, can 
regulate the activation of macrophages, antigen presenta
tion, and phagocytosis.86 Interestingly, studies have shown 
that mannosylated nanoparticles can precisely target 
macrophages and not enter systemic circulation.87 Sun 
et al developed mannosylated carbon dot (CD) nanoparti
cles by covalent conjugation for orally administered IBD 
therapy.88 These CDs/Man-NPs showed excellent accumu
lation and highly preferred uptake by macrophage cells, 
indicating their effective active targeting of immune- 
related macrophage cells.

As depicted above, macrophage cell surface receptors, 
such as CD44, dectin-1, CR3 and mannose receptors, 
showed excellent actively targeted delivery of therapeutic 
agents for oral administration or intravenous (I.V.) injec
tion. As important antigen-presenting cells in the body, 
macrophages not only can secrete cytokines (TNF-α) to 
regulate the migration and activation of other immune 
cells but can also participate in the inflammatory response 
of the intestinal mucosa, thus having the ability to achieve 
specific actively targeted drug delivery.

Activated/Stimulated Drug Delivery
Undeniably, passive and active targeting strategies 
(Figure 3A–C) significantly improved the accumulation 
efficiency of therapeutic agents in the inflamed colon, 
which is helpful for effective IBD therapy. Based on the 
complex physiological and pathological microenviron
ment of the intestine in vivo, there are many inevitable 
barriers, making efficient targeted delivery more difficult. 
For example, after DSS intravenous (I.V.) injection, 
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plasma proteins in the blood are the main disruptors of 
passive targeting because they mask specific ligands.39 

For administration by injection, DDSs covered in stealth 
materials to protect guest molecules (small-molecule 
drugs and biological agents) from destruction and pre
cisely release the drugs at the desired site are urgently 
needed to improve the therapeutic effects and reduce the 
toxicity of the DSS. The stealth material is similar to an 
invisible protective shield and is used to protect guest 
molecules. After reaching the inflamed colon, as shown 
in Figure 3D–F, the shield part can be selectively 
degraded or dissociated by a specific inflammatory intest
inal microenvironment (pH, ROS, GSH, enzyme), and 
the inner surface functional groups of the nanoparticles 
are re-exposed to promote cell internalization. This “pro
tection/deprotection” targeting strategy activated by the 
microenvironment is expected to enhance the phagocytic 
efficiency of the target cells. In this section, the activated/ 
stimulated responsive delivery strategy is summarized.

pH-Responsive Systems
As summarized previously, the pH varies throughout the 
whole GIT; in contrast to the pH value in the stomach 
(~1.2) and proximal small intestine (1.2 and 6.8), the pH in 
the inflamed ileum–colon is approximately 7.4.89 Because the 
IBD lesions are concentrated in the ileum and colon,20 specific 
pH-mediated stimulated drug delivery platforms are being 
developed as options for controlled drug release. Stealth 
materials such as hydroxypropyl methylcellulose acetate suc
cinate (HPMCAS) polymers,90,91 hydrogels92 and Eudragit S 
10093 are widely used to design pH-responsive DDSs with 

core-shell structures, nano-in-micro structures, and hierarchi
cal structures. Some of the solid studies are depicted below.

The stable nanostructure of these materials in an acidic 
environment makes them efficient for orally administered 
drug delivery. For instance, acid-resistant HPMCAS is 
a mixture of acetic acid and monosuccinic acid esters of 
hydroxypropyl methyl cellulose and can be used as a pH- 
responsive shell.94 Leveraging this property, Bertoni et al 
developed intestinal pH-simulated nano-in-micro structured 
particles (CS-NPs@MF).95 After the oral administration, the 
microparticles (53 ± 3 µm) maintained their integrity in an 
acidic pH environment, and then, the protective HPMCAS 
was selectively degraded in the intestine, close to the targeted 
site. The tailored system achieved effective protection of the 
encapsulated nanoparticles and controlled pH-simulated drug 
release. The results showed decreased drug permeability 
across the C2BBe1/HT29-MTX cell monolayer and efficient 
anti-inflammatory effects, thus limiting undesired systemic 
side effects.

In addition to nano-in-micro structures, core-shell 
structured pH-responsive DDSs represent one of the 
many design strategies being investigated for lowering 
the rate of drug dissolution.96 For example, Oshi et al 
designed and synthesized a hydrogel (chitosan/alginate)- 
based pH-triggered activatable core-shell nanoparticle 
(CAP1AG4CH5@CUNC) by using ultrasound-assisted 
antisolvent crystallization and LBL-coating techniques 
for use in drug delivery for IBD therapy.92 The core- 
shell structure system is composed of an inner curcumin 
nanocrystals (CUNC) core surrounded by chitosan (CH), 
sodium alginate (AG), and cellulose acetate phthalate 

Figure 3 Schematic illustration of the scheme of inflammation-targeting in IBD. Through oral administration and rectal administration (I.V. administration are not depicted 
here), nanoparticles target the inflamed colon by mechanisms mediated by size (A), charge (B), ligand-receptor (C), pH (D), ROS (E), GSH and enzyme (F).
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(CAP). Due to the insoluble properties of CAP in the 
gastric pH, the system remained intact in the upper GIT. 
Upon reaching the colon, CAP was dissolved and under
went charge inversion on the particle surface and then 
achieved enhanced accumulation in inflamed colon 
through the eEPR effect. This pH-mediated charge-rever
sing nanoplatform can not only prevent drug leakage but 
also deliver precise IBD therapy.

Eudragit is an anionic copolymer of methacrylic acid 
and methyl methacrylate, Eudragit S is soluble at pH > 7 
and usually used for colon targeting. In recent years, 
a large number of Eudragit-based colon-targeting DDSs 
have been developed. In a classic study, Oshi and cow
orkers developed pH-responsive colon-targeted Eudragit 
S 100 (ES)-coated nanoparticles (ES1AG4CH5-DXMCs) 
using a layer-by-layer coating technique.93 The DDS pre
vented the premature drug release by the ES layer, and 
then, the dissolution of the ES layer led to sustained drug 
release in the colon. Moreover, ideal colon-specific, dual- 
functional CSA-loaded polymeric nanoparticles produced 
by the combination of a PLGA copolymer and pH-respon
sive Eudragit FS30D polymer (Eudragit FS30D/PLGA 
nanoparticles) for use in UC therapy were prepared .97 

These DDSs showed incomplete and slow release of 
CSA at the pH of the ileum and colon, followed by 
sustained release, thus delivering a sufficient amount of 
CSA specifically to the inflamed colon. In vivo experi
ments showed that these nanoparticles had a significant 
effect in alleviating colitis and appeared to be a promising 
safe and effective drug delivery system for UC therapy. 
Overall, pH-mediated DDSs can be used in an efficient 
strategy for targeted drug delivery in IBD therapy.

Endogenous ROS-Responsive Systems
Studies have shown that reactive oxygen species (ROS) 
produced by activated macrophages and leukocytes in the 
area of colitis, activating inflammatory response pathways 
(MMPs, (TLR4)-NF-κB, NLRP3),98 and oxidative damage 
to DNA, proteins, and lipids caused by the local over
production of ROS may promote the initiation and pro
gression of UC.99 ROS are highly reactive ions and free 
radicals, including superoxide (O2–), hydroxyl radicals 
(·OH), hypochlorite ions (OCl–), hydrogen peroxide 
(H2O2), and singlet oxygen (1O2).100 Targeting the sites 
of inflammation and scavenging ROS may constitute an 
efficient strategy to attenuate colitis. In recent years, to 
stabilize the microenvironment in pathological tissue, 
nanoparticle regulation of ROS levels in the inflamed 

region has been widely studied.101 With the development 
and research of nanoparticles that are suitable for the GI 
drug delivery, ROS not only can serve as targets at inflam
mation sites but can also be used as signals to trigger 
responsive micro/nanomaterials.102

Considering the high oxidative stress characteristics of 
an inflammatory site, ROS-responsive micro-and nano- 
drug carriers have been widely studied to stabilize the 
microenvironment in the pathological tissue because of 
their excellent drug transportability and tissue permeabil
ity, leading to new antioxidant therapies for IBD 
therapy.102 Multifunctional DDSs based on ROS-respon
sive groups, such as poly (propylene sulfide) and thioketal 
linkers,102,103 are highly sensitive to H2O2.104,105

Due to the unfavorable microenvironment of the GIT 
and the specific high oxidative stress of the inflammatory 
site, Li et al106 developed ROS-responsive material 
(OxbCD)-based NPs for Ac2-26 peptide delivery of orally 
administered therapeutic drugs for IBD relief research. 
Smart nanocarriers were constructed with β-cyclodextrin 
(β-CD) and 4-(hydroxymethyl) phenylboronic acid pinacol 
ester (PBAP). The drug-loading system can maintain its 
stability and the bioactivity of the drug in the normal 
gastrointestinal tract. Due to the decrease in the thickness 
of the mucus layer and the destruction of the intestinal 
barrier in IBD, the drug delivery system can enrich spe
cific inflammatory sites. In addition, the structure can be 
changed under the stimulation of ROS at high levels in the 
inflamed site, which leads to drug release, and thereby 
effective inflammation relief can be attained. In vitro and 
in vivo experiments showed an enhanced efficacy of Ac2- 
26 through the protective transport of peptides and precise 
ROS-responsive delivery to inflammatory sites. In addi
tion, this nanocarrier can effectively inhibit the apoptosis 
of macrophages, reduce the levels of ROS, and enhance 
the clearance of apoptotic neutrophils by macrophages.

In addition, the same research group designed a self- 
assembled and oxidizable Janus prodrug, Bud-ATK-Tem 
(B-ATK-T).101 This drug-carrier system was prepared with 
budesonide (41.23%) and tempol (15.55%) as the main ther
apeutic drugs, which were linked by ATK, and it caused few 
side effects. Strikingly, this study confirmed that orally admi
nistered B-ATK-T-NPs can passively target colitis sites and 
release Bud and Tem upon triggering by ROS in the colon 
tissue to prevent potential systemic side effects.

ROS-responsive oral drug carriers have also been used 
in colorectal cancer by Zhang et al.107 Studies pertinent to 
inflammation and cancer have demonstrated that the long- 
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term oxidative stress caused by the excessive production 
of ROS promoted inflammation and cancer to a great 
extent.108 Zhang et al synthesized a ROS-responsive, 
hydrogen peroxide-scavenging material loaded with camp
tothecin-11 (CPT-11). This drug carrier was manufactured 
by chemical functionalization of β-CD with an oxidation- 
labile moiety of AM-PBAP. In vitro drug release experi
ments showed a higher and sustained profile upon high 
oxidative stress stimulation and intestinal inflammation pH 
conditions. Moreover, in vivo, oral delivery of this drug 
delivery system significantly inhibited the tumorigenesis 
and growth of induced CAC in mice and showed good 
therapeutic effects.

In general, ROS-responsive biomaterials have been 
developed and used in the study of oral medication for 
IBD and CAC, especially ROS-responsive thioketal 
nanoparticles.109,110 Therefore, ROS-sensitive bonds also 
act as ROS scavengers to reduce oxidative stress. 
However, although most show no cytotoxicity, these bio
materials should be made to be highly biocompatible, and 
fragments of the material degraded in vivo should not 
trigger further inflammatory reactions.

GSH-Responsive Systems
Based on previous studies, although the extracellular envir
onment is oxidizing, the intracellular compartment is in 
a reductive condition, and the amount of intracellular soluble 
GSH is significantly elevated during the activation of 
macrophages.111 The special microenvironment created by 
GSH makes it a suitable stimulus signal for targeted drug 
delivery.112 Therefore, this strategy combined with the eEPR 
effect to achieve enhanced accumulation and targeted drug 
release is expected to achieve precise therapy of tumors.

Xiao and coworkers loaded polyphenol epigallocate
chin gallate (EGCG) into the globular glycoprotein oval
bumin (OVA) via self-assembly.113 Nanoparticles (~202.9 
nm) were thus obtained with a negative surface charge and 
displayed enhanced accumulation and glutathione-respon
sive drug release behavior in a reductive microenviron
ment. The in vivo experiments clearly indicated that 
intravenously administered EGCG-NPs produced signifi
cantly better therapeutic outcomes against UC than pris
tine EGCG.

Enzyme-Responsive Systems
Among the aforementioned systems, microbiota-activated 
DDSs have been developed for IBD therapy, as they exert 
their therapeutic effects in the presence of specific 

enzymes (azoreductase, β-galactosidase, β-xylosidase, 
nitroreductase, glycosidase, and deaminase) produced by 
the colonic bacteria.114 These enzymes, such as azoreduc
tase produced by the gut microbiota for the degradation of 
azobenzene (Azo), were studied by Cheng et al.115 Based 
on the presence of azoreductase, which is specifically 
produced by the gut microbiota and is abundant in the 
colon tract, the enzyme-mediated platform (Trp·Azo) 
⊂CB[8] was developed by assembling chitosan/hyaluro
nic acid (CS/HA) as a “gate-keepers” molecule on the 
periphery of a mesoporous silica core. After oral adminis
tration, the formed DDS was disassembled in the presence 
of azoreductase, and the inner parts were re-exposed to the 
inflamed area. In addition, Trp derivatives attached to the 
polymer backbone of CS are converted to various Trp 
metabolites by the gut microbiota, functioning as AHR 
agonists.

In summary, the goal of IBD therapy is that therapeutic 
agents exert only the effects in the inflamed areas, while 
they are inactivated in healthy tissue and blood circulation, 
which will significantly improve the efficacy of IBD ther
apy. The unique GIT microenvironment of pH, ROS, GSH 
and enzymes can be used as stimulus signals. Stimulated 
drug delivery strategies based on the internal GIT micro
environment are summarized in Table 1. Studies showed 
that activatable strategies can minimize the nonselective 
harmful effects on normal tissue, which is helpful to 
broaden the clinical application of nanoparticle-based 
IBD therapy.

Nanocarriers Mediate Precise 
Diagnoses of IBD
Assessment of IBD currently relies on specific clinical 
signs of bowel inflammation. With the advancement of 
cross-sectional imaging techniques such as computed 
tomography (CT) copy, radiologic techniques play integral 
roles in the diagnosis and management of patients with 
IBD. Imaging has long been utilized to evaluate segments 
of the digestive tract that are inaccessible with conven
tional endoscopy. For decades, nanoparticles such as 
Au,116,117 Fe and Au complexes,118 quantum dots,119,120 

MnO,82 and lipid nanoparticles74 have been developed and 
used in cancer imaging and diagnosis. During traditional 
clinical CT imaging, iodinated small molecules and bar
ium sulfate suspensions are usually used as contrast 
agents,121,122 but they are not ideal for imaging IBD due 
to their nonspecificity. Furthermore, when administered 
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orally, these suspensions are nonspecifically distributed 
throughout the GIT, thus interfering with diagnosis and 
leading to accumulative radiation exposure in IBD 
patients.123 Therefore, the CT contrast agent must not 
only be stable in the GIT microenvironment but also 
must be specifically enriched in the diseased parts of the 
intestine to better detect disease.

Based on the microenvironmental characteristics of 
the GIT and the design strategy of orally administered 
DDSs for IBD therapy, the application of nanoparticles 
may create ideas for the CT imaging in IBD. Naha et al 
designed and synthesized nanocontrast agents that can be 
used in the diagnosis and treatment of IBD, which were 
named dextran-coated cerium oxide nanoparticles (Dex- 
CeNPs).124 This nanocontrast agent consists of a cerium 
oxide core and a dextran shell, which can endow the 
system with strong CT contrast due to the higher k-edge 
of cerium oxide and the stability, biocompatibility, and 
specificity in the inflammation sites due to the unique 

physicochemical properties of dextran.125,126 

Furthermore, cerium oxide can act as an artificial ROS 
scavenger127 to reduce the high oxidative stress in intest
inal lesions to alleviate inflammation. As demonstrated 
with a clinical CT scanner, in healthy mice and DSS- 
induced colitis mice, Dex-CeNPs produced a strong CT 
contrast in the GIT and accumulated in the tissues 
affected by colitis. ICP-OES and TEM confirmed the 
accumulation of Dex-CeNPs in the large intestine of 
mice with colitis 24 h post-administration. Notably, 
99.9% and 97.6% of the oral dose was cleared from the 
body of healthy mice and mice with colitis within 24 h, 
respectively.

In another study, Fabio Corsi and coworkers loaded 
quantum dots into anti-MAdCAM-1 coupled PLGA- 
PEG nanoparticles (P@QD-MdC NPs).120 Upon intrave
nous injection, the system is expected to specifically 
bind to MAdCAM-1 protein on the apical side of muco
sal endothelial vessels and penetrate the bowel mucosa. 

Table 1 Recent Representative Advances of Inflamed Intestinal Microenvironment-Stimulated Drug Delivery Platforms for IBD 
Therapy

System Size Model Drug Target Mechanism Ref

AP@PSi-HA@HPMCAS 35 ± 1µm Budesonide (BUD) and acorbyl 

palmitate (AP)

pH-stimulated [62]

YGPs/MTX 2–4 µm Methotrexate pH-stimulated [85]

HNT-ATV@HF-CEL 70 ± 8 μm Atorvastatin and celecoxib pH-stimulated [90]

CAP1AG4CH5@CUNCs 421 ± 14 nm Curcumin pH-stimulated [92]

OxiDEX nano-in-micro composites 53 ± 3 µm Rifaximin pH and ROS-Sequential 

Responsive

[95]

P(LE-IAMEG) hydrogel microspheres (HMSs) 34.87 ± 0.90 µm Hydrocortisone sodium succinate 

(HSS)

pH-stimulated [128]

BLG-RES nanospheres 200−250 nm Resveratrol pH-stimulated [129]

OxbCD 202 ± 4 nm Annexin A1-mimetic peptide Ac2- 

26

ROS-stimulated [106]

Bud-ATK-Tem (B-ATK-T) 100~120 nm Budesonide and antioxidant tempol ROS-stimulated [101]

RANPs 63.5 ± 4.0 nm Dexamethasone ROS-stimulated [67]

EGCG-NPs ~202.9 nm Epigallo-catechin 3-gallate GSH-stimulated [113]

MSs (multilayer-coated mesoporous silica) 210–258 nm Hydrocortisone Enzyme-stimulated [115]

PPNP (polyphenols and polymers self- 
assembled nanoparticle)

~60 nm Dexamethasone Enzyme-stimulated [130]
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In vivo experiments showed progressive P@QD-MdC 
NP accumulation in the inflamed colon and provided 
an enhanced and localized signal.

Overall, nanoparticles not only can be designed and 
produced as drug carriers for the treatment of IBD but 
can also be potential CT contrast agents for GIT ima
ging, including IBD imaging. Therefore, they will defi
nitely play greater roles in future IBD diagnostic 
applications.

Conclusions, Challenges, and 
Perspectives
DDSs with drug-loading capacity bring hope for IBD 
therapy and diagnosis. Their unique advantages, such as 
facile surface modification, make it possible for nanopar
ticles to engage in passive targeting, active targeting, and 
stimulated targeting-mediated delivery of therapeutic 
agents. Targeting drug delivery aims to ensure direct treat
ment at the inflammatory site, avoid the pre-metabolism of 
the system, and reduce drug absorption in the small intes
tine and other nonspecific areas to improve the therapeutic 
effect and reduce side effects. Besides, the emerging 
researches in cell biology and microbiology have spot
lighted the increasing importance of cell-and fecal micro
biota transplantation based IBD therapy, which offers the 
potential of altering and treating the course of diseases that 
cannot be addressed sufficiently by existing pharmaceuti
cals. With the increasing development of nanomedicine, 
nanoparticles based microbiota therapy will be a hotspot, 
such as surface decoration of living cells to protect its 
bioactivity. Nevertheless, there will be a long period 
from nanodrugs to clinical translation and increasing 
efforts and research should be performed to hasten DDS 
application. Interestingly, to solve these potential problems, 
researchers should develop a deep understanding of the 
interaction between nanomaterials and IBD and the poten
tial for the clinical application of nanomaterials in diag
nosis and treatment. Moreover, targeting multifunctional 
materials integrating diagnosis and treatment will be the 
future direction. Further, efforts should be made to evalu
ate their toxicity in the long term and formulate relevant 
regulatory programs. With these strenuous efforts, it is 
hoped that this exciting technology can provide effective 
and personalized treatment and diagnosis to the manage
ment of IBD.
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