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Abstract: Ulcerative colitis (UC) is a chronic inflammatory bowel disease with a continuously increasing incidence worldwide. The 
existing treatment options are limited due to low drug bioavailability and systemic side effects. Natural products, such as curcumin, 
have emerged as potential effective drugs for UC treatment due to their multi-target and multi-mechanism therapeutic advantages. 
However, the clinical trial and experimental research results of curcumin show a contrast due to its own physicochemical limitations 
(low solubility, low bioavailability, etc). gastrointestinal digestion factors (pH, digestive enzymes, etc). and the combined limitations of 
the colonic intestinal barrier (intestinal flora, mucus barrier, intestinal epithelial barrier, etc). The clinical translation is thus hindered. 
The Nano-Drug Delivery System (NDDS) uses size control, surface functionalization, and intelligent stimulus-responsive design to 
transform the factors that limit curcumin absorption and utilization into delivery targets, constructing pH-dependent, gut flora- 
dependent, receptor-dependent, etc. NDDS, achieving improved drug solubility, enhanced absorption, controlled release, and targeted 
delivery, significantly enhancing the therapeutic effect of curcumin for UC. This review focuses on the pathophysiology of UC and 
uniquely systematically analyzes the construction logic of natural product NDDS from the perspective of the above biological barriers, 
clarifying the applicable scenarios and core advantages of various strategies. At the same time, this article also discusses the key 
challenges faced by the clinical translation of NDDS, including the toxicity risk caused by enhanced drug absorption, the safety of the 
carrier itself, and the transformation obstacles caused by species receptor spectrum differences etc. as well as an important point to 
recognize is that there is still a considerable distance to the clinical translation of NDDS. In summary, NDDS brings broad prospects 
for the clinical application of natural products, but the current research level is far from meeting the needs of clinical translation. 
Future design must deeply align with the pathological characteristics of UC to promote its transition from the laboratory to clinical 
application. 
Keywords: ulcerative colitis, curcumin, nano-drug delivery system, natural products

Introduction
Ulcerative colitis (UC) is a lifelong inflammatory disease characterized by continuous and diffuse inflammatory 
responses in the mucosa of the colon and rectum. The exact mechanism of UC remains unclear to date, and it is 
generally believed to be related to genetic susceptibility, intestinal mucosal barrier defects, intestinal flora imbalance, and 
autoimmune dysregulation. From a global epidemiological perspective, the prevalence and incidence of UC are 
continuously increasing. Currently, the highest prevalence is found in Northern Europe (Norway: 505/100,000 people) 
and North America (the United States: 286/100,000 people), and the highest incidence is found in Northern Europe 
(Faroe Islands: 57.9/100,000 people per year), North America (Canada: 23.1/100,000 people per year), and Australia 
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(Australia: 17.4/100,000 people per year).1 Studies have shown that the incidence of UC is closely related to the level of 
industrialization, and accordingly, emerging industrial countries in Asia have shown a rapidly increasing incidence of 
UC. One study showed that the incidence of UC in South Korea increased rapidly from 0.3/100,000 people per year from 
1986–1990 to 3.1/100,000 people per year from 2000–2006.2 The incidence of UC in China was 10.04/100,000 people 
per year in 2016.3 Predictions indicate that the prevalence of UC in Asian countries will increase to four times the current 
level by 2035.1 Due to the alternating clinical characteristics of UC, which involves episodes, remissions, and relapses, 
any dietary impropriety and emotional stimulation can easily induce relapses of UC, significantly affecting the quality of 
life of patients. A study reported that the temporary disability rate of UC patients was 12.3%, the permanent disability 
rate was 1.6%,4 and the depression rate was 48.5%.5 Due to the imbalance between incidence and mortality, lifelong 
treatment imposes a huge economic burden on patients. Studies have shown that the lifetime incremental cost for patients 
diagnosed between the ages of 0–11 is $369,955, for those aged 70 and above is $132,396, and for all age groups is 
$230,102 on average. At the same time, due to the continuous accumulation of the prevalence, it imposes a heavy burden 
on the global healthcare system. The lifetime total cost of UC patients in the United States in 2016 is estimated to be 
$377 billion.6

The current treatment goal for UC is to induce and maintain endoscopic remission and normal biochemical markers. 
The treatment plan includes two steps: inducing remission and maintaining remission; the choice of drugs depends on the 
scope of the disease and the degree of clinical activity, including natural products, 5-aminosalicylic acid (5-ASA), 
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glucocorticoids, and immunomodulators, immunosuppressants, and biologics.1 Oral administration is the most commonly 
selected administration method, which is considered a non-invasive and safe method that allows for flexible and highly 
compliant self-administration.7 However, due to the unique attributes of UC as a digestive system disease, many 
obstacles limit the efficacy of oral administration, such as pH gradients, digestive enzymes, intestinal mucus, and 
intestinal flora,8 resulting in drug degradation, poor absorption, and non-specific distribution. Curcumin is a “star 
product” derived from natural substances, which has unique therapeutic advantages of acting on multiple targets and 
multiple pathways through multiple components. Both basic and clinical studies have affirmed its good effect in the 
prevention and treatment of UC.9 At the same time, due to the limitations of the physical and chemical properties of 
curcumin itself, curcumin has problems such as poor solubility and low bioavailability. In addition, gastrointestinal 
digestion factors and the intestinal barrier of the colon also jointly limit the efficacy of natural products represented by 
curcumin. The Nano-Drug Delivery System (NDDS) as a novel technological approach in the field of pharmaceuticals, 
through strategies such as size control, charge design, shape optimization, functional group modification, and stimulus- 
responsive design, can transform the “bottleneck factors” that limit curcumin absorption into “delivery targets”, 
achieving improvements in drug solubility, enhancement of absorption efficiency, controllable release, and targeted 
delivery, providing a key solution to break through the dilemma of curcumin delivery in the body.10

This paper takes curcumin as a representative natural product, based on the latest knowledge of UC pathology and 
physiology, and from the perspective of diseases, reviews the construction strategies of natural product NDDS for 
treating UC, with the aim of providing references for the development of this field; to ensure the systematicness and 
criticality of the review, this study adopts a clear methodological framework: classifying strategies according to the 
specific biological barriers (such as mucus barrier, intestinal epithelial barrier) and key environmental factors of the 
gastrointestinal tract (such as pH, intestinal flora) targeted by NDDS, while analyzing the design logic and mechanism of 
action of various strategies, and critically evaluating their potential for clinical translation and inherent limitations (such 
as the potential toxicity risks of enhanced drug absorption, the potential safety hazard of the carrier itself, and the 
transformation barriers caused by receptor spectrum differences between species); To clearly present the research 
context, this review will be structured as follows: First, elaborating on the three major limiting factors faced when 
treating UC with oral curcumin (physical and chemical factors defects, interference of gastrointestinal digestion 
environment, and barrier obstruction of the colonic intestinal barrier), clarifying the core issues that NDDS needs to 
solve; then, based on the corresponding biological barriers or environmental characteristics of the above limiting factors, 
systematically classifying and in-depth analyzing various NDDS construction strategies (such as pH-dependent, ROS- 
dependent, mucus-dependent, receptor-dependent, etc)., clarifying the suitable scenarios, core advantages, and technical 
shortcomings of different strategies; finally, focusing on the key challenges in the clinical translation process of NDDS, 
clearly pointing out that there is still a huge gap between the current research progress and the clinical translation goals, 
and combining the current deficiencies in safety assessment, cross-species validation, and adaptability to large-scale 
production, proposing targeted future design directions, ultimately providing ideas for promoting natural product NDDS 
from laboratory research to clinical application.

Limiting Factors of Oral Curcumin Therapy for UC
Curcumin is the main active component of the rhizome of the plant Curcuma longa L., accounting for 2%-5% of the root 
and rhizome content. It also contains demethylated curcumin, di-demethylated curcumin, and other derivatives. In 
commercial curcumin, these three components account for approximately 82%, 15%, and 3% respectively.11 Curcumin 
has medicinal, flavoring, and coloring (E100) functions. Its chemical nature is 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6- 
heptadiene-3,5-dione (molecular formula C21H2₀O6).12 Experimental studies have confirmed that curcumin can regulate 
signaling pathways such as MAPK/NF-κB/Nrf2/NLRP3,13 SphK1/NF-κB,14 JAK/STAT,15 Treg cells,16 macrophages,17 

mTh/mTfh cells,18 etc., immune cells, inflammatory factors such as TNF-α, IFN-γ, IL-8, IL-6,19 inflammatory mediators 
such as MIP-2,20 MMP-3,21 etc., and antioxidant stress,22 and regulate the intestinal microbiota,23 and improve the 
intestinal mucosal barrier,24 thereby exerting therapeutic effects on UC. However, a systematic review and meta-analysis 
of a randomized controlled trial (RCT) for UC indicates that in clinical practice, curcumin may have no effect on 
symptom relief in patients with mild to moderate UC; although some individual RCT evidence for patients with mild to 
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moderate UC suggests that curcumin may be beneficial for the improvement of UC symptoms in this group, the 
aggregated data for patients with mild to moderate UC do not show significant positive effects.25 The contrasting results 
of curcumin in experimental studies and clinical trials limit its development in clinical and commercial applications.

Further research has clarified that the contrasting results of curcumin in experimental studies and clinical trials are 
caused by the physical and chemical factors of curcumin itself, gastrointestinal digestion factors, and intestinal barrier 
factors, all of which jointly limit the therapeutic effect of oral curcumin. Therefore, before discussing curcumin NDDS, 
we must take into account the influence of curcumin’s own physical and chemical factors, the differences in anatomy, 
physiology, and absorption characteristics of different parts of the gastrointestinal tract, as well as the differences 
between healthy and diseased gastrointestinal tracts. Only by deeply understanding the comprehensive impact of the 
interaction between curcumin and the gastrointestinal environment on the treatment of UC by oral curcumin, can we 
carry out promising drug design.

The Limitations of Curcumin’s Physicochemical Properties
In recent years, as research has progressed, the factors restricting the transformation of curcumin from the laboratory to 
clinical application have gradually become clear, including pre-absorption degradation, insufficient absorption, high 
systemic pre-metabolism, low bioavailability, rapid clearance, and potential toxicity. Curcumin consists of three struc
tural fragments: a 7-carbon linker containing an α,β-unsaturated β-diketone group, and two aromatic ring systems with 
adjacent methoxyphenolic groups.12 It is hydrophobic, with an oil-water partition coefficient (logP) of approximately 3.2, 
and as a polyphenol, it has extremely low water solubility (only 30 nM) at acidic and neutral pH values26- this indicates 
that curcumin can tolerate the gastric pH and reach the colon without modification or encapsulation, and also means that 
it is almost insoluble in physiological fluids.27 Pre-absorption degradation refers to the metabolic action of intestinal 
bacteria on curcumin: for example, Escherichia coli (ATCC 8739) and Escherichia fergusonii (ATCC 35469) can 
metabolize curcumin into dihydrocurcumin, which then converts to tetrahydrocurcumin;28 Blautia sp. MRG-PMF1 
undergoes demethylation reactions, converting curcumin into demethylcurcumin and bis-demethylcurcumin derivatives.
29 Insufficient absorption is manifested as: hydrophobic curcumin can only be absorbed by a small amount by colonic 
epithelial cells,30 and the absorbed curcumin will bind to intracellular proteins in the intestinal epithelium and undergo 
structural changes, further reducing bioavailability.31 In addition, curcumin also has the problem of high systemic pre- 
metabolism: both the liver32 and the colon33 are important sites for the metabolism of curcumin in the human body, 
where curcumin undergoes extensive first- and second-level metabolism, ultimately converting into water-soluble 
metabolites such as curcumin glucuronide and curcumin sulfate conjugates, which are excreted through the gallbladder 
and kidneys, resulting in a half-life of only 6–7 hours in the human body.34 Due to the low solubility, poor absorption, 
low bioavailability, and rapid metabolism defects of curcumin, to achieve the expected therapeutic effect, it is necessary 
to increase the dosage or frequency of use, which will amplify potential toxicity and cause adverse reactions in patients. 
A clinical study showed that daily intake of 0.9–3.6g of curcumin for 1–4 months may cause adverse reactions such as 
nausea and vomiting, and may also be accompanied by an increase in serum lactate dehydrogenase levels.35 

Experimental studies have provided more evidence of the potential toxicity of curcumin: first, curcumin and its 
metabolites can react with toxic enzymes such as glutathione S-transferase (GST) and cytochrome P450 (CYP450), 
inhibiting the activity of these enzymes and potentially leading to impaired detoxification function and potential drug 
toxicity;36 second, curcumin may act as an iron chelator in the body, affecting systemic iron metabolism, especially for 
individuals with poor iron nutrition status;37 third, there are also studies that have found that curcumin has cytotoxicity to 
normal human lymphocytes.38

Limitations of Gastrointestinal Digestion Factors
The gastrointestinal digestion factors that may limit the therapeutic effect of curcumin in UC mainly include colonic fluid 
volume, colonic transit time, pH, digestive enzymes, etc. The colon has a high water absorption capacity, capable of 
absorbing approximately 90% of the water entering the colon.39 Therefore, when the intestinal contents transfer to the 
descending colon, the viscosity of the intestinal contents increases, making it challenging for curcumin to dissolve from 
the formulation and may affect the local drug bioavailability. The colonic transit time is an important factor affecting the 
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bioavailability of oral curcumin. Studies have shown that during normal colonic transit, the time ranges from 41.1 to 62.3 
hours, with an average of approximately 51.7 hours,40 while the colonic propulsion activity of UC patients is significantly 
increased,41 resulting in a significantly shortened transit time, approximately 24.3 hours.40 The shortening of colonic 
transit time will reduce the contact between the UC lesion colon segment and curcumin, leading to a corresponding 
decrease in curcumin absorption. Additionally, compared to smaller particle size drugs, larger particle size drug 
formulations exhibit shorter transit times, meaning they are expelled more quickly.42 Moreover, the extreme changes 
in pH in the gastrointestinal tract43 pose a huge challenge to the stability of the drug. The pH of healthy adult gastric juice 
is acidic, ranging from 1.7 to 4.7. In the duodenum, due to the neutralization effect of carbonates and bile, the pH rises to 
5.9–6.3, then to pH 7.4–7.8 in the distal ileum and the ileum, and the pH of the colon may fluctuate between 5 and 8, with 
significant individual differences.43 Extreme changes in pH may cause changes in the drug conformation, resulting in loss 
of efficacy. More importantly, the gastrointestinal digestion environment of UC patients is not completely similar to that 
of healthy adults. Studies have reported an overall trend of increased colonic pH in UC patients, which may drop to 
2–3.44 Finally, various high-concentration digestive enzymes in the gastrointestinal tract have become important 
obstacles to destroying the structure of curcumin and hindering its effective absorption and utilization. Traditional 
pharmaceutical experience indicates that drugs can avoid the action of digestive enzymes through enteric-coated 
formulations. The design of the human gastrointestinal structure and function is largely based on dietary components 
and economic considerations, and natural selection has led to a roughly matched digestive capacity with food load and a 
moderate excess, which also explains the differences in digestive enzymes between different species and among different 
individuals of the same species.45 And UC patients often have a special diet.46 Based on this, we must recognize that UC 
patients may have digestive enzymes that are not exactly the same as those of healthy adults, and we must evaluate the 
impact of this difference on curcumin in subsequent studies (Table 1).

Limitations of the Intestinal Intestinal Barrier
The intestinal mucosal barrier is an important defense system of the intestine. Currently, it is classified into four major 
types: biological, chemical, mechanical, and immune barriers.8 The first three serve as natural barriers to protect the 
intestinal epithelial layer from various external stimuli, thereby regulating the balance between mucosal immunity and 
external stimuli, and during this process, they hinder the absorption and utilization of oral drugs.47 The intestine is a 
complex micro-ecosystem where the intestinal microbiota co-evolve with the host and establish mutual relationships, and 
a series of bacterial enzymes such as polysaccharide enzymes, glycosidase, protease, and peptidease first degrade large 
molecular polymers.48 This process will also affect the metabolism and absorption of oral drugs in the human body. The 
intestinal mucus layer is a powerful intestinal barrier, with mucin 2 (MUC2) being the most critical component. It is 
interconnected by disulfide bonds and linked to the glycan layer of the intestinal epithelium, forming a protein network in 
the mucus layer.49 The average pore size is approximately 200 nm, functioning as a size-exclusion filter, meaning that 
larger particles cannot enter the mucus layer or the intestinal epithelium.50 At the same time, the mucus layer interacts 
non-covalently with large molecules through hydrogen bonds, van der Waals forces, hydrophobic forces, and electrostatic 
forces, restricting the diffusion of most foreign substances including drugs.51 Moreover, the strong and continuous 
secretory ability of goblet cells gives the intestinal mucus layer a high turnover rate,52 making it difficult for drugs to 
reach the surface of the intestinal epithelial cells before being excreted, thereby limiting local drug penetration and 
absorption, resulting in poor therapeutic effects. For UC patients, there are reports of a thinning of the intestinal mucus 

Table 1 Comparison of Gastrointestinal Digestion Factors Between UC Patients and Healthy Individuals

Gastrointestinal Digestion Factors Patients with UC Healthy Individuals

Transit Time 24.3 hours 51.7 hours40

Colonic pH Value 2-344 5-843

Daily Drug Residue 9% 31%40
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layer, especially the reduction of the core component MUC2.8 Some viewpoints suggest that this pathological change 
may be conducive to the absorption of oral administration. The intestinal epithelial layer is composed of tight junctions, 
adherens junctions, desmosomes, and the associated intestinal epithelial cells.53 These structures give the intestinal 
epithelial layer selectivity, allowing it to exist as a mechanical barrier between intestinal contents and the internal 
environment, maintaining the balance between nutrition and immunity, and actually strictly limiting the transport of 
hydrophilic molecules including proteins, lipids, and microbial-derived peptides, as well as the transport of oral drugs.54 

Similar to the intestinal mucus layer, UC patients are mostly accompanied by the disruption of the integrity of the 
mechanical barrier, with a large number of intestinal epithelial cells dying locally, increased M-cell phagocytosis, and 
disrupted intercellular connections,8 allowing more drugs to pass through through open transport channels, which is an 
attractive pharmacological target (Figure 1).

Construction Strategies of NDDS
The physicochemical factors of curcumin, gastrointestinal digestion factors, and the intestinal barrier jointly limit the 
therapeutic effect of oral curcumin, presenting both challenges and opportunities for curcumin treatment in UC. The 
continuous progress of NDDS in recent years has given us the possibility to address these challenges and seize these 
opportunities. NDDS can have different surface and overall properties, the former including hydrophilicity/hydrophobi
city, surface charge, and ligand modification, and the latter including particle size, shape, and elasticity, which determine 
the interaction of NDDS with the intestine,55 affecting its transport, absorption, and therapeutic effect.56 Based on a deep 
understanding of the physicochemical factors of curcumin, gastrointestinal digestion factors, and the intestinal barrier, by 
constructing NDDS with appropriate surface and overall properties, and dissolving, dispersing, adsorbing, or encapsulat
ing curcumin in NDDS, its physicochemical properties can be modified, enhancing solubility and permeability, achieving 
controlled release, and even facilitating targeted delivery.

Figure 1 The Mechanism by Which the Intestinal Barrier Limits the Absorption of Curcumin. ① Under normal circumstances, the mucus layer composed of MUC2 and the 
intestinal epithelial layer jointly prevent the absorption and utilization of drugs. ② Under pathological conditions, the pH becomes acidic, accompanied by intestinal flora 
imbalance. At the same time, the thinness of the intestinal mucus layer and the damage to the intestinal epithelial layer jointly created favorable conditions for drug delivery.
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Time-Dependent
The construction strategy for time-dependent NDDS is to design the disintegration time based on the gastrointestinal 
transit time after oral administration, in order to minimize the premature release of the drug in the stomach and small 
intestine. Therefore, the type and thickness of the material are crucial factors.57 Due to the fact that the gastrointestinal 
transit time is affected by numerous factors, such as diet58 and disease,40 there are significant individual and intra- 
individual differences, resulting in suboptimal efficacy of time-dependent NDDS.59 This original NDDS construction 
strategy is rarely used.

Pressure-Dependent
The construction strategy for pressure-dependent NDDS is to utilize colonic osmotic pressure60 or colonic lumen pressure61 

to achieve controlled release in the colon, while a protective device is needed to assist the drug pass through the stomach 
and small intestine. The protective structure of osmotic pressure-dependent NDDS exposes an internal push-pull unit 
composed of a semi-permeable membrane, a push-pull zone, and a drug zone after colonic disintegration. Water passes 
through the semi-permeable membrane into the push-pull zone, increasing the static water pressure within the push-pull 
unit, thereby pushing the drug out of the push-pull unit and achieving osmotic pressure-controlled drug release.62 The 
pressure-dependent NDDS that safely passes through the stomach and small intestine then disintegrates under colonic 
lumen pressure, releasing the internal drug.63 However, due to the significant differences in gastrointestinal parameters 
under physiological and pathological conditions, the efficacy of pressure-dependent NDDS is not stable and ideal.

pH-Dependent
The construction strategy for pH-dependent NDDS is to use pH-sensitive materials that preferentially disintegrate in 
colonic pH to encapsulate the drug, in order to achieve drug protection and delayed release under acidic pH conditions 
and target colonic pH.64 Acrylic derivatives and methacrylic acid methyl ester copolymers (Eudragit), cellulose acetate 
phthalate (CAP), polyvinyl acetate (PVAP), hydroxypropyl methylcellulose (HPMCP), and ethyl cellulose (EC) are the 
most common polymers.65 By changing the proportion of polymer combinations, the pH at which disintegration occurs 
can be adjusted. For example, Eudragit L100 and Eudragit S100 dissolve at pH=6 and pH=7 respectively, and are usually 
combined in various proportions to control the release of the drug within the pH range of 6–7.66 However, studies have 
shown that pH-sensitive materials may not resist bile salts and disintegrate prematurely.67 Moreover, NDDS triggered by 
a single pH factor may have various limitations and cannot effectively deliver the drug to the colon. pH-dependent 
NDDS mainly targets the entire colon rather than specific UC lesion sites, which may lead to insufficient drug 
accumulation at the UC lesion sites and cause adverse reactions. And due to the individual and intra-individual 
differences in gastrointestinal pH, especially whether there are pH differences between UC patients and healthy adults 
has not been conclusively determined, which may affect the design of pH-dependent NDDS.

Reactive Oxygen Species (ROS) Dependent
Normal physiological metabolism produces endogenous reactive oxygen species (ROS). In the colonic mucosa of UC 
patients, the concentration of ROS increases 10–100 times, limited to the UC lesion site, and is related to disease 
progression.68 Studies suggest that the increase in ROS in the UC mucosa is mainly caused by inflammatory cells in the 
UC colonic mucosa.69 The construction strategy of ROS-dependent NDDS utilizes the characteristic of increased ROS in 
the local colon mucosa of UC lesions. The focus of this strategy is the design of ROS-sensitive link groups. ROS- 
sensitive link groups include various connection modes and are used between drugs and NDDS, as well as between two 
or more molecules of the same or different drugs.57 They can disintegrate in response to ROS stimulation, achieving 
targeted delivery of curcumin to the UC lesion sites with high levels of ROS expression. The existing ROS-sensitive link 
groups include disulfide bonds, diselenide bonds, succinimide-sulfide bonds, and “trimethyl lock” benzoquinone, etc.70 

Although ROS-dependent NDDS has shown good effects in the treatment of UC, the current understanding of the ROS 
levels in the active colonic mucosa of UC, the concentration range required for ROS response, and the differences in the 
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effects of different ROS-sensitive link groups are still unclear, which hinders the further improvement of ROS-dependent 
NDDS.

Gut Microbiota Dependency
The extensive distribution of gut microbiota in the colon leads to the inevitable contact between curcumin and gut 
microbiota, and the interaction between the two is like a “double-edged sword”. On the one hand, it causes the enzymes 
secreted by gut microbiota to degrade curcumin, thereby reducing its bioavailability and efficacy;48 on the other hand, it 
provides an opportunity for targeted colon therapy. The various bacterial enzymes produced by gut microbiota can break 
down various macromolecular compounds, including curcumin, among which pectin, guar gum, and sodium alginate are 
not degraded in the stomach and small intestine.71 The construction strategy of gut microbiota-dependent NDDS utilizes 
the bacterial enzymes secreted by gut microbiota, and loading curcumin onto polysaccharides can help it resist the 
digestive environment of the stomach and small intestine, and be degraded by the bacterial enzymes secreted by gut 
microbiota in the colon, ultimately achieving colon-targeted drug delivery.72 In addition to loading and encapsulating 
curcumin, its prodrug design can also achieve gut microbiota-dependent colon targeting. Prodrug design allows curcumin 
to be temporarily protected in an inactive form and transformed into a pharmacologically active form when exposed to 
specific enzymes,73 and curcumin prodrug design targeting specific bacterial enzymes is also a possible construction 
strategy for gut microbiota-dependent NDDS.74 Moreover, the lipopolysaccharide (LPS) produced by Gram-negative 
bacteria in the gut microbiota in the colon also provides an additional pathway for the design of gut microbiota- 
dependent NDDS.75 PELNs also show gut microbiota-dependent colon targeting, and ginger-derived lipid nanoparticles 
(GDLPs) can specifically target Lactobacillus in a lipid-dependent manner.76

The complexity and richness of the composition and function of gut microbiota are beyond human cognition. Based 
on current research, human understanding of gut microbiota is still at an early stage, which greatly affects the 
construction of gut microbiota-dependent NDDS. Studies have shown that the characteristics of NDDS, such as particle 
size,77 shape,78 and charge,79 also affect its interaction with the gut microbiota. However, the specific mechanism and 
effect have not been clarified. In addition, PELNs, as an emerging research hotspot, has demonstrated many very 
promising characteristics, including gut microbiota-dependent colon targeting,76 but targeted research is still very limited.

Mucin Dependency
The mucin layer covering the surface of the colon mucosa is one of the main obstacles affecting the absorption and 
utilization of curcumin. According to the characteristics of the mucin layer, the construction strategies of mucin- 
dependent NDDS have two completely opposite ideas, mucin adhesion and mucin penetration. The mucin adhesion 
type NDDS strategy aims to prolong the time of the drug staying in the mucin layer of the colon to achieve continuous 
release and absorption utilization of the drug; the mucin penetration type NDDS strategy aims to accelerate the passage 
of curcumin through the mucin layer of the colon and reach the colonic epithelial layer for absorption utilization as soon 
as possible.80 The main factors affecting the interaction between NDDS and the mucin layer are its own properties and 
characteristics, including particle size, shape, charge, functional groups, etc.50

For mucin adhesion type NDDS, most nanoparticles can produce non-specific adhesion to the mucin layer, but only 
specific designs can significantly enhance the mucin adhesion ability of NDDS to meet the needs of clinical treatment. 
Because the mucin layer is negatively charged, designing NDDS with a positively charged surface will be beneficial for 
mucin adhesion.81 In addition, hydrophobic interaction is also an important strategy in the construction of mucin 
adhesion type NDDS. Studies have shown that the mucin adhesion ability of hydrophobic nanoparticles is 100 times 
that of hydrophilic nanoparticles.82 The shape design of NDDS is also extremely important. The square NDDS, due to its 
polygonal, multi-sided structure and larger contact area, exhibits a stronger adhesion ability to the colonic mucus layer.83 

By modifying with mucin adhesion polymers, such as thiolation, the retention of NDDS in the mucus layer can be 
prolonged.84 Utilizing mucin adhesion materials such as hydrogels85 and chitosan86 to load curcumin is also a common 
construction strategy.

For mucin-permeable NDDS, designing NDDS with hydrophilic surfaces,87 neutral surface charges,88 and higher 
elasticity89 will be beneficial for mucin permeation. The shape design of mucin-permeable NDDS enhances its mucin 
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permeation ability by adjusting micro-movements and reducing the contact area with the colonic mucus layer, such as rod- 
shaped,90 tubular,91 dendritic,92 spiral-shaped,93 and pseudo-viral-shaped nanoparticles,94 all of which show stronger 
mucin permeation ability. Additionally, the chiral design of NDDS also affects its mucin permeation ability, and different 
chiral designs exhibit different tendencies towards the intestinal tract.95 There are two opposite design ideas for the particle 
size of mucin-permeable NDDS. On one hand, the mainstream view holds that a smaller particle size design is beneficial for 
the mucin permeation of NDDS;88 on the other hand, some studies have reported that large NDDS with a particle size over 
500nm may also have better mucin permeability while having a higher drug loading.96 Therefore, whether there is an 
optimal size for the particle size design of mucin-permeable NDDS remains to be confirmed. Functional group modification 
is also a common design strategy, such as modification with mannosamine, hydroxyl, polyethylene glycol (PEG), and 
amino groups. The order of permeability is mannosamine > PEG > carboxyl > amino.50,97 In the construction of mucin- 
permeable NDDS, in addition to designing particle size, shape, charge, and functional groups, another strategy is to use 
mucin solubilizers as an auxiliary to reduce the thickness of the mucin layer and disrupt its structure, such as Pulmozyme98 

and Mucinex.99 However, based on current understanding, the structural weakening of the colonic mucus barrier is an early 
event in the pathogenesis of UC,8 and the non-specific destruction of the colonic mucus layer by mucin solubilizers may 
have potential hazards.

The choice between mucin-adhesion NDDS and mucin-permeable NDDS depends on the comprehensive judgment 
based on the drug characteristics and the delivery target. The key lies in whether the drug needs to be absorbed into the 
bloodstream or retained at the lesion site. For the treatment of UC, the strategy of keeping NDDS in the mucin layer for a 
slow and sustained release of curcumin may be safer and more effective. On the one hand, existing studies have already 
focused on the potential adverse effects of systemic exposure and deposition of nanoparticles;100 on the other hand, UC 
lesions often occur in the colonic mucosal layer, and targeted treatment of UC in the colonic mucosal layer has shown 
good results.101 However, non-specific mucin-dependent NDDS still cannot meet the needs of clinical precision 
medicine. The drug may be widely released into the entire mucin layer of the small intestine and large intestine, unable 
to precisely act on the UC lesion site. Therefore, it is necessary to combine mucin-dependent NDDS with specific 
targeting design based on specific markers of UC lesions (such as high-expression proteins or ROS in the UC lesion site) 
to achieve precise release and enrichment of the drug at the lesion site and achieve the desired therapeutic goal.

Intestinal Epithelium-Dependent
The construction strategy of intestinal epithelium-dependent NDDS is similar to that of mucin-dependent NDDS. The 
design of the surface properties and overall characteristics of NDDS occupies a dominant position in the construction 
strategy. Through effective targeted design of the surface properties and overall characteristics of NDDS to enhance its 
transport across the cell pathway and paracellular pathway, it achieves the crossing of the intestinal epithelial barrier. 
According to the physiological and pathological structure of the intestinal epithelial layer, the main drug delivery targets 
are concentrated on the intestinal epithelial cells, M cells, and tight junctions between cells. Among them, the drug 
delivery strategy for the intestinal epithelial layer is divided into enhancing adhesion and enhancing uptake.

For intestinal epithelial cells and M cells, the NDDS construction strategy with the path of enhancing adhesion mostly 
focuses on the design of the surface charge of NDDS. Although the influence of surface charge on NDDS shows different 
tendencies between intestinal epithelial cells and M cells, for intestinal epithelial cells, the negatively charged mucin 
layer on the surface of the UC intestinal epithelial layer is weakened, while certain positively charged proteins in 
intestinal epithelial cells, such as transferrin,102 are overexpressed, which is conducive to the adhesion of negatively 
charged NDDS through electrostatic interaction;103 however, studies have shown that the uptake of negatively charged 
nanoparticles by M cells is less than that of the same type of positively charged nanoparticles;104 in addition, it should be 
noted that the potential danger of NDDS charge design. Compared with neutral nanoparticles, positively charged or 
negatively charged nanoparticles may induce intestinal cell inflammation.105 For the NDDS construction strategy with 
the path of enhancing uptake, the particle size design of NDDS is very important. Smaller particle sizes often show 
higher uptake efficiency,106 but some literature reports that smaller nanoparticles have potential biological hazards 
compared to larger nanoparticles, such as activating the NLRP3/ASC inflammasome and inducing the secretion of IL- 
1β by macrophages, thereby aggravating the intestinal inflammation induced by DSS.107 Moreover, the design of 
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lipophilic NDDS shows multiple advantages. Its hydrophobic surface can enter the hydrophobic region of the cell 
membrane,108 thereby changing the fluidity of the cell membrane and promoting its fusion with the cell membrane, 
ultimately enhancing the uptake of intestinal epithelial cells;109 and the lipophilic NDDS can enhance the uptake through 
the M cell pathway, through lymph circulation absorption and transportation, bypassing the first-pass metabolism effect 
of the liver, and improving the bioavailability of the drug.110 Regarding the shape construction of NDDS, compared with 
the traditional spherical design, non-spherical shapes such as rod-shaped,111 disc-shaped,112 dendritic-shaped,92 spiral- 
shaped,93 and worm-shaped113 have shown better intestinal epithelial cell uptake. Furthermore, different aspect ratios114 

and surface roughness115 of similar shapes of NDDS will also affect the uptake of intestinal epithelial cells. Finally, the 
rigidity of NDDS is also considered to affect its uptake and endocytosis. When the rigidity is low, NDDS will exhibit 
obvious bending movement during uptake, which increases the contact area between NDDS and the cell, thereby 
promoting uptake and endocytosis.113 On the contrary, when the rigidity exceeds a certain limit, due to excessive 
rigidity, NDDS requires higher bending energy for the cell membrane during endocytosis, resulting in cell membrane 
rupture and membrane damage, which leads to a decrease in uptake and endocytosis efficiency.91 In addition to the above 
designs, modifying NDDS with specific groups to promote intestinal epithelial cell penetration and M cell uptake is also 
an effective construction strategy, such as cell penetrating peptides116 and invasins,117 etc. The design targeting M cells 
provides a potential strategy to bypass first-pass metabolism and enhance the bioavailability of curcumin.118 However, an 
existing concern is that drugs transported via the M cell pathway may cause abnormal immune responses.119 Finally, the 
increased expression and secretion of degradation enzymes such as esterases and matrix metalloproteinases (MMPs) are 
key features of the intestinal mucosa surface in UC, especially in erosive and ulcerated areas.120 Therefore, NDDS with 
enzyme instability characteristics are designed to selectively bind to the inflamed intestinal mucosa and exert their 
therapeutic effects under the enzymatic activity of UC colon mucosa.121

Under normal circumstances, the tight junctions between cells allow molecules with a size range of 0.3–1 nm to pass 
through, and even when fully opened, the diameter of the open channels of the tight junctions does not exceed 20 nm, 
which greatly limits the trans-biologic transport of NDDS via the cell bypass pathway.56 However, recent studies have 
found that the tight junctions between intestinal epithelial cells are dynamic and are affected by actin contraction and 
intracellular calcium ion concentration. For example, positively charged chitosan and polyacrylate122 can affect the Ca²+ 

complex in the structure of the tight junction through the interaction with the negative charge on the membrane surface. 
The increase in intracellular Ca²+ concentration will affect the phosphorylation of myosin, causing the contraction of the 
light chain surrounding the connection and opening the tight junction to enhance the permeability of the cell bypass 
pathway,123 thereby improving the trans-biologic transport of NDDS. In addition to positive charge surface modification, 
the selection of inorganic materials to construct NDDS can induce cytotoxicity by generating oxidative stress effects, 
thereby affecting the expression of γ-catenin and ZO-1, destroying the ultrastructure of intestinal epithelial cells, and 
opening the intercellular tight junctions,124 thereby increasing the trans-biologic transport of NDDS. And this effect is 
size-dependent (17nm > 53nm > 100nm)125 and morphology-dependent (linear > rod-shaped > spherical).126 The rigidity 
of NDDS also affects its interaction with tight junctions. Studies have shown that more rigid nanotubes have a stronger 
ability to instantly open the tight junctions.127 In addition to designing NDDS to achieve higher tight junction crossing 
efficiency, there are also strategies focusing on the combined use of absorption promoters to help open the tight junctions, 
such as chelating agents, surfactants, etc. Chelating agents include EDTA, citric acid, etc., which reduce the intracellular 
Ca²+ level through chelation, thereby opening the tight junctions to enhance cell bypass absorption.128 Surfactants are the 
most promising absorption promoters, including sodium stearate/dodecyl sulfate and its derivatives, endogenous bile 
salts, etc., which are believed to significantly enhance the trans-intestinal epithelial delivery of NDDS, although the 
related mechanisms are still not fully understood. Some studies suggest that it opens the tight junctions by reducing the 
trans-epithelial resistance (TEER) and increasing the permeability of mannitol.129 However, it should be noted that the 
disruption of tight junctions caused by intestinal barrier dysfunction is an important step in the occurrence and 
development of UC, although it is not clear whether it is a cause or a result, we need to be cautious about the safety 
of opening tight junctions130 (Figure 2).
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Receptor-Dependent
In the colonic mucosa of UC, intestinal epithelial cells and activated macrophages will overexpress specific antigens or 
receptors, such as the mannose receptor (Mannose receptor), folate receptor (Folate receptor), peptide transporter 1 
(Peptide transporter 1, PEST1), etc. The specific receptors expressed in the lesion site provide targets for the targeted 
delivery of curcumin. By loading specific ligands on the surface of NDDS, the interaction between the receptor and the 
ligand is utilized to achieve specific targeted drug delivery.

The mannose receptor is a 175 kDa transmembrane protein belonging to the C-type lectin family and is expressed on 
the surface of macrophages,131 dendritic cells,132 and M cells.133 Studies have shown that glycosylated NDDS can bind 
to the mannose receptor with high affinity and trigger endocytosis rapidly, and the efficiency of this cellular uptake is 
related to the density of mannose on the surface of NDDS.131

CD44 is a multifunctional transmembrane receptor responsible for cell adhesion, cell uptake, and immune activation, etc.134 

CD44 is present on almost all cells and is highly expressed on the surface of intestinal epithelial cells and macrophages in the 
colonic mucosa of UC,135 making CD44 an effective delivery target for NDDS.136 Based on this, ligands of CD44, such as 
hyaluronic acid (Hyaluronic Acid, HA),137 chondroitin sulfate (Chondroitin Sulfate, CS),138 etc., have been widely used for 
surface modification of NDDS.

CD98 is a transmembrane glycoprotein heterodimer responsible for cell adhesion, signal transduction, and protein 
transport, etc. It is expressed at a balanced level on the surface of normal cells except platelets.139 However, when the 
integrity of the colonic epithelial barrier is damaged and pathogenic microorganisms invade, CD98 is highly expressed 
on the apical side of the colonic epithelium,140 such as overexpressed CD98 on the surface of intestinal epithelial cells 
and macrophages in UC colonic mucosa141 and macrophages,142 which significantly promotes the occurrence, 

Figure 2 Construction Strategy of Natural Product NDDS. ① It presents the delivery targets, construction methods and characteristics of different NDDS.
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development, and carcinogenesis of UC.141 At the same time, surface modification of NDDS with CD98 Fab’143 and 
single-chain CD98 antibodies144 can enable them to target intestinal epithelial cells and macrophages in the UC colon 
and enhance the endocytosis of intestinal epithelial cells and macrophages by density-dependent manner.143 CD98 
provides a new approach for targeted treatment of UC.

Peptide transporter 1 (Peptide transporter 1, PepT1) is a proton-dependent peptide transporter mainly expressed in the 
small intestinal tissue. The protein is digested in the intestinal lumen of the small intestine into free amino acids and 
oligopeptides, among which the transport of free amino acids is mediated by various amino acid transporters, while the 
transport of dipeptides and tripeptides is driven entirely by PepT1.145 Under healthy conditions, PepT1 does not exist in 
colonic tissue, but it is highly expressed in the intestinal epithelial cells and macrophages of UC colonic mucosa.146 The 
lysine-proline-valine (KPV) tripeptide has a high affinity for PepT1. Based on this, a novel peptide receptor-targeted 
fluorescent probe for real-time monitoring of ulcerative colitis KPV-PepT1 was constructed, which can directly and non- 
invasively observe the inflammatory area of the UC colon.147 The interaction of KPV-PepT1 also provides a pathway for 
the delivery of NDDS. KPV-modified NDDS can achieve targeted delivery to UC colonic epithelial cells and 
macrophages.148 It should be noted that studies have shown that 5-aminosalicylic acid (5-ASA), as a common UC 
treatment drug, has an inhibitory effect on PepT1 uptake, so 5-ASA and its derivatives should not be used together with 
delivery systems based on KPV-PepT1.149

The transferrin receptor (TfR) is a transmembrane glycoprotein that can efficiently take up transferrin through 
receptor-mediated endocytosis to maintain intracellular iron homeostasis.150 TfR is expressed at low levels in almost 
all normal cell types, such as colonic epithelial cells, but is overexpressed in UC colonic102 and colorectal cancer 
(CRC)151 epithelial cells. Due to the good affinity between ligands and receptors, specific TfR ligands such as 
transferrin,152 anti-transferrin receptor antibodies,153 and the (Histidine-Alanine-Isoleucine-Tyrosine-Alanine-Arginine- 
Histidine) heptapeptide154 are used for the functional modification of NDDS.

F4/80, also known as mouse EGF-like module-containing mucin-like hormone receptor-like 1 (EMR1) or adhesion G 
protein-coupled receptor E1 (ADGRE1), is a transmembrane glycoprotein consisting of 7 transmembrane domains and 
some extracellular domains similar to epidermal growth factor (EGF).155 F4/80 is only present in human eosinophils, but 
is widely distributed in mice, including monocytes, macrophages, myeloid dendritic cells, and eosinophils.156 For mice, 
F4/80 is overexpressed in UC colons,157 and F4/80 Ab Fab’ modified NDDS can target drugs to F4/80 and show good 
therapeutic effects.158 However, since F4/80 is only present in human eosinophils, although the key role of eosinophils in 
UC has been recognized,159 careful review is still required when applying delivery based on F4/80 to humans with UC.

Macrophage galactose lectin (MGL), also known as CD301, is a transmembrane type II C-type binding protein 
composed of an N-terminal cytoplasmic domain, transmembrane domain, extracellular extended domain, and C-type 
binding region, and can specifically bind galactose and N-acetylgalactosamine.160 MGL is highly expressed on the 
surface of activated macrophages and dendritic cells.161 Based on the efficient interaction between MGL and its ligands, 
compounds containing galactose residues have been widely used for surface modification of NDDS to improve the 
targeting delivery ability.162

The folate receptor (Folate Receptor, FR) can highly bind to folic acid (Folic acid, FA) and effectively transport it to 
the cytoplasm through receptor-mediated endocytosis. It includes four subtypes: FR-α, FR-β, FR-γ, and FR-δ.163 Among 
them, FR-β is present at extremely high levels in activated macrophages, but cannot be detected in quiescent/hibernating 
macrophages or any other normal cells.164 Studies have shown that during UC, a large number of FR-β-positive 
macrophages enter the inflammatory sites of the UC colon.165 Due to this accurate expression pattern, folate-modified 
NDDS can target the FR-β on macrophages in the UC colon through the oral route.166 Since different tissues of different 
organisms may simultaneously express different FR subtypes, and folic acid cannot distinguish these differences, it may 
lead to the failure of folate-modified NDDS to deliver all to the target site. With the deepening of research, some specific 
folic acid ligands have been synthesized, such as N5,N10-dimethyl tetrahydrofolic acid (DMTHF), a synthetic folic acid 
derivative, which can avoid the recognition of other FRs and specifically bind to FR-α.167 However, for FR-β, there are 
no reports of successful synthesis of related specific folic acid ligands. A meta-analysis indicates that UC is associated 
with severe serum folic acid deficiency,168 although the causal sequence of the two events is not determined. Further 
research shows that folic acid deficiency is related to the deterioration of UC to CRC.169 And appropriate folic acid 
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supplementation is considered as an auxiliary therapy for UC.168 Therefore, folate-modified NDDS may have unique 
advantages in the treatment of UC (Table 2).

Although receptor-dependent NDDS constructed based on the interaction between receptors and ligands have 
demonstrated efficient and specific targeted drug delivery and good therapeutic effects in model animals, considering 
the possible differences in receptor spectra between humans and model animals, such as differences in receptor 
expression levels,170 misalignment of receptor tissue distribution,171 receptor expression deficiency,172 and differences 
in receptor biological effects,173 there is still a considerable gap between the clinical trials and clinical translation of 
receptor-dependent NDDS. The case we must learn from is that due to the species differences in CD28 expression on 
CD4+ effector memory T cells, in a Phase I clinical trial in 2006, 6 healthy volunteers rapidly developed a life- 
threatening “cytokine storm” after using the CD28 hyper-agonist monoclonal antibody (mAb) TGN1412, and this 
reaction was not predicted in the preclinical safety tests.174 Therefore, before conducting clinical translation, we must 
thoroughly consider the safety and efficacy issues brought about by possible differences in receptor spectra between 
humans and model animals.

Construction of Curcumin NDDS
Curcumin, as a “star product” among natural substances, has received extensive attention from researchers. In the 
construction of NDDS, curcumin has become the most commonly selected therapeutic drug. Therefore, the development 
history of curcumin NDDS can well demonstrate the development of natural product NDDS in the treatment of UC.

The limitations of curcumin’s own physicochemical factors represent a common problem for natural products, 
including preabsorption degradation, insufficient absorption, high systemic pre-metabolism, low bioavailability, rapid 
clearance, and potential toxicity. The early strategies for improving curcumin using nanotechnology can be divided into 
two types. One is the nanization of curcumin itself, such as preparing curcumin nanoparticles (Curcumin Nanoparticles, 
CNPs).175 However, the various characteristics of CNPs cannot completely overcome the limitations of curcumin’s own 
physicochemical factors, and the improvement effect of this method is insufficient to meet the needs of experimental 
research and clinical treatment. The other is the nanization of curcumin from the direct extraction of plant-derived 
exosome-like nanovesicles (Plant-derived Exosome-like Nanovesicles, PELNs) to form curcumin-derived exosome-like 
nanovesicles (Curcumin-derived Exosome-like Nanovesicles, CELNs).176 Due to the excellent physicochemical proper
ties of PELNs, such as small particle size, negative charge, lipid membrane, and hydrophilic surface, they possess good 
barrier penetration, mucosal adhesion, gastrointestinal stability, biocompatibility, and natural targeting properties, allow
ing CELNs to avoid the influence of most gastrointestinal physiological disorders and safely target UC lesions. 
Therefore, compared with CNPs, CELNs have become the main research path for the nanization strategy of curcumin 
itself. Another strategy is to use specific materials to coat curcumin, such as natural polymers,177 lipid compounds,178 

Table 2 Main Receptors - Ligands Utilized for NDDS Functionalization

Receptors Ligands Expressed Cells

Mannose receptor Mannose Macrophages;131 Dendritic cells;132 M cells133

CD44 HA137; CS138 Intestinal epithelial cells; Macrophages

CD98 CD98 Fab’;143 Single-chain CD98 Ab144 Intestinal epithelial cells; Macrophages

PepT1 KPV Intestinal epithelial cells; Macrophages148

TfR Transferrin;152 Anti-Transferrin Receptor antibodies;153 7 peptide154 Intestinal epithelial cells

F4/80 F4/80 Ab Fab’ Macrophages158

MGL Lactobionic acid Macrophages162

FR FA Macrophages166
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Table 3 Research on the Self-Nanofusion of Curcumin NDDS and the Coating of Curcumin with Specific Materials

Category Drug Form Engineering Modification Biological Characteristics Characteristic 
Characterization

Mechanism Model Assessment

Nanoparticles CNPs175 / / Morphology: /; 
Particle size: /; Zeta 
potential: /

Regulate inflammatory factors; 
Regulate immune cells; 
Remodel gut microbiota; 
Regulate NF-κB signaling 
pathway

Female BALB/c mice 
induced by 3% (w/v) DSS

It includes in vivo 
experiments but lacks in 
vitro experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

PELNs CELNs176 Ultracentrifugation + Sucrose 
density gradient centrifugation

Stability in gastric and small 
intestinal digestive environments; 
Good biocompatibility; Charge- 
dependent targeting to colonic 
inflammatory sites;

Morphology: Disc- 
shaped or 
hemispherical; 
Particle size: 
Approximately 
177.9 nm; Zeta 
potential: −21.7 mV

Antioxidative stress; Regulate 
immune cells; Regulate NF-κB 
signaling pathway

RAW264.7 cells; Female 
FVB/NJ mice induced by 
3% (w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Natural 
Polymers

Curcumin182 Curcumin loaded into 
microcapsules constructed with 
Scorias spongiosa polysaccharide 
and Sodium Alginate (SA)

/ Morphology: 
Spherical; Particle 
size: /; Zeta 
potential: /

Antioxidative stress; Regulate 
inflammatory factors; Remodel 
gut microbiota; Regulate NF- 
κB, MAPK, and JAK/STAT 
signaling pathways; Repair 
intestinal mucosal barrier

C57BL/6 mice induced by 
3.5% (w/v) DSS

It includes in vivo 
experiments but lacks in 
vitro experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Curcumin183 Curcumin loaded into Konjac 
Glucomannan (KGM)

Stability in gastric and small 
intestinal digestive environments; 
High cellular uptake; Good 
biocompatibility;

Morphology: /; 
Particle size: 
Approximately 200 
nm; Zeta potential: 
−24.3 ± 0.27 mV

Regulate inflammatory factors RAW264.7 cells; Male 
KM mice induced by 5% 
(w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Curcumin177 Curcumin loaded into NDDS 
constructed with low-molecular- 
weight chitosan and unsaturated 
alginate

Stability in gastric and small 
intestinal digestive environments; 
Targeting to colonic inflammatory 
sites; High cellular uptake; Good 
barrier penetration ability;

Morphology: 
Spherical; Particle 
size: Approximately 
462.1 nm; Zeta 
potential: −19 mV

Regulate inflammatory factors; 
Remodel gut microbiota; 
Repair intestinal mucosal 
barrier

RAW264.7 cells; C57BL/6 
mice induced by 3% (w/v) 
DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, and 
pharmacokinetic studies 
but lacks drug safety 
studies.
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Lipid 
Compounds

Curcumin184 Curcumin loaded into Liposomes 
(LP)

Stability in gastric and small 
intestinal digestive environments;

Morphology: 
Spherical; Particle 
size: 167.34 ± 9.42 
nm; Zeta potential: 
−34.11 ± 0.24 mV

Antioxidative stress; Regulate 
inflammatory factors

RAW 264.7 cells; Male 
BALB/c mice induced by 
3% (w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, and drug 
characterization studies 
but lacks drug safety 
studies and 
pharmacokinetic studies.

Curcumin178 Curcumin loaded into 
Nanostructured Lipid Carriers 
(NLC)

Good biocompatibility; Long 
colonic retention; Good barrier 
penetration ability;

Morphology: 
Spherical; Particle 
size: 236.61 ± 0.18 
nm; Zeta potential: 
−10.6 ± 0.3

Anti-inflammation; Regulate 
inflammatory factors

J774 cells; Caco-2 cells; 
Female C57BL/6 mice 
induced by 3% (w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, and 
drug safety studies but 
lacks pharmacokinetic 
studies.

Curcumin179 Curcumin loaded into ginger- 
derived exosome-like nanovesicles

Stability in gastric and small 
intestinal digestive environments; 
Long colonic retention;

Morphology: /; 
Particle size: 
3102.3 ± 118.8 nm; 
Zeta potential: 
−40.1 ± 0.22 mV

Antioxidative stress; Regulate 
inflammatory factors; Remodel 
gut microbiota

Male C57BL/6 mice 
induced by 2.5% (w/v) 
DSS

It includes in vivo 
experiments, drug 
characterization, and 
pharmacokinetic studies 
but lacks in vitro 
experiments and drug 
safety studies.

Inorganic 
Materials

Curcumin185 Curcumin loaded into Prussian 
Blue Analogs (PBAs) constructed 
with cobalt Co (III) and iron Fe (II)

Good biocompatibility; Stability in 
gastric and small intestinal digestive 
environments; Long colonic 
retention;

Morphology: Cubic 
particles; Particle 
size: Approximately 
346 nm; Zeta 
potential: 
Approximately 
−28.6 mV

Anti-inflammation; 
Antioxidative stress; Regulate 
inflammatory factors; Regulate 
macrophage polarization

RAW 264.7 cells; Mice 
induced by 3% (w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Curcumin180 Curcumin loaded onto Metal- 
Polyphenol Network (MPN) 
formed by coordination of 
Epigallocatechin Gallate (EGCG) 
and Fe³+, then encapsulated with 
Yeast Microcapsules (YM)

Good biocompatibility; Stability in 
gastric and small intestinal digestive 
environments; Long colonic 
retention; High cellular uptake; 
Charge-dependent targeting to 
colonic inflammatory sites;

Morphology: 
Elliptical; Particle 
size: 3102.3 ± 
118.8 nm; Zeta 
potential: −40.1 ± 
0.22 mV

Antioxidative stress; Regulate 
inflammatory factors; Regulate 
macrophage polarization; 
Remodel gut microbiota and its 
metabolism

LPS-induced RAW 264.7 
cells; Female C57BL/6 
mice induced by 2.5% (w/ 
v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

(Continued)
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Table 3 (Continued). 

Category Drug Form Engineering Modification Biological Characteristics Characteristic 
Characterization

Mechanism Model Assessment

Synthetic 
Polymers

Curcumin186 Curcumin loaded into NDDS 
constructed with Eudragit FS and 
Polycaprolactone (PCL)

Stability in gastric and small 
intestinal digestive environments; 
Good biocompatibility;

Morphology: /; 
Particle size: 
146.90 μm; Zeta 
potential: /

Antioxidative stress Wistar rats induced by 
Acetic Acid (AA)

It includes in vivo 
experiments but lacks in 
vitro experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Curcumin187 Curcumin loaded into cross-linked 
starch NDDS constructed with 
maltodextrin (α1-4 d-glucose 
polymer) and 
Dipalmitoylphosphatidylglycerol 
(DPPG)

High cellular uptake; Good barrier 
penetration ability;

Morphology: /; 
Particle size: 69 ± 
14 nm; Zeta 
potential: +35 ± 6 
mV

Regulate inflammatory factors Caco-2 cells; BALB/c 
mice

It includes in vivo 
experiments, in vitro 
experiments, and drug 
characterization studies 
but lacks drug safety 
studies and 
pharmacokinetic studies.

Curcumin188 Curcumin loaded into porous 
NDDS constructed with Poly 
(lactic-co-glycolic acid) (PLGA) 
using ammonium bicarbonate as a 
porogen

High cellular uptake; Good 
biocompatibility;

Morphology: 
Spherical; Particle 
size: 260.0 ± 6.5 
nm; Zeta potential: 
−18.8 ± 1.3 mV

Regulate inflammatory factors; 
Antioxidative stress

RAW264.7 cells; Female 
KM mice induced by 3.5% 
(w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, and 
drug safety studies but 
lacks pharmacokinetic 
studies.

Curcumin189 Curcumin loaded into NDDS 
constructed with EGCG and 
L-lysine

Good biocompatibility; Morphology: 
Spherical; Particle 
size: Approximately 
259–298 nm; Zeta 
potential: 
Approximately 
−20.5 mV

Antioxidative stress; Regulate 
inflammatory factors; Regulate 
NF-κB signaling pathway; 
Repair intestinal mucosal 
barrier

RAW264.7 cells; Female 
BALB/c mice induced by 
3% (w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, and drug 
characterization studies 
but lacks drug safety 
studies and 
pharmacokinetic studies.

Curcumin190 Curcumin loaded into Eudragit 
S100

Stability in gastric and small 
intestinal digestive environments; 
Charge-dependent targeting to 
colonic inflammatory sites;

Morphology: 
Spherical; Particle 
size: /; Zeta 
potential: /

Regulate inflammatory factors C57BL/6 mice induced by 
2.5% (w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, and 
pharmacokinetic studies 
but lacks drug 
characterization and drug 
safety studies.
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Curcumin191 Curcumin loaded into Zein-Sodium 
Caseinate (NaCas) complex 
modified with HA

Stability in gastric and small 
intestinal digestive environments;

Morphology: 
Spherical; Particle 
size: 292 ± 7.69 
nm; Zeta potential: 
−26.5 ± 1.47 mV

Antioxidative stress; Regulate 
inflammatory factors; Repair 
intestinal mucosal barrier

Male C57BL/6 mice 
induced by 3% (w/v) DSS

It includes in vivo 
experiments and drug 
characterization studies 
but lacks in vitro 
experiments, drug safety 
studies, and 
pharmacokinetic studies.

Curcumin192 Curcumin loaded into NDDS 
constructed with γ-cyclodextrin (γ- 
CD) modified with Succinic Acid 
(SA), Egg White-Derived Peptides 
(EWDP), and Quaternary 
Ammonium Chitosan (HTCC)

Stability in gastric and small 
intestinal digestive environments; 
Charge-dependent targeting to 
colon;

Morphology: 
Spherical; Particle 
size: 42.9 ± 13.0 
nm; Zeta potential: 
21.3–35.0 mV

Regulate inflammatory factors; 
Remodel gut microbiota and its 
metabolism; Repair intestinal 
mucosal barrier

Caco-2 cells; Male BALB/ 
c mice induced by 3.5% 
(w/v) DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, and 
pharmacokinetic studies 
but lacks drug safety 
studies.

Curcumin193 Curcumin loaded into NDDS 
constructed with Casein- 
Quaternary Chitosan (CA-QC) 
precursor and Egg White Peptides 
(EWP)

Stability in gastric and small 
intestinal digestive environments; 
Long colonic retention; Good 
biocompatibility; Good barrier 
penetration ability;

Morphology: 
Spherical; Particle 
size: Approximately 
300.0 nm; Zeta 
potential: 42.10 ± 
1.66 mV

Regulate inflammatory factors; 
Remodel gut microbiota and its 
metabolism; Repair intestinal 
mucosal barrier

Male BALB/c mice 
induced by 3% (w/v) DSS

It includes in vivo 
experiments, drug 
characterization, drug 
safety studies, and 
pharmacokinetic studies 
but lacks in vitro 
experiments.

Curcumin194 Dexamethasone (DEX) loaded into 
micellar carrier formed by 
conjugation of Curcumin (CUR) 
and Hydroxyethyl Starch (HES)

Stability in gastric and small 
intestinal digestive environments; 
Good biocompatibility; Charge- 
dependent targeting to colonic 
inflammatory sites;

Morphology: 
Spherical; Particle 
size: 40–60 nm; 
Zeta potential: 
−28.0 mV

Antioxidative stress RAW 264.7 cells; BALB/c 
mice induced by 3% (w/v) 
DSS

It includes in vivo 
experiments, in vitro 
experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Curcumin195 Curcumin loaded into Yeast β- 
glucan Particles

/ Morphology: 
Ellipsoidal; Particle 
size: /; Zeta 
potential: /

Antioxidative stress; Regulate 
inflammatory factors

Male Wistar rats induced 
by 5% (w/v) DSS

It includes in vivo 
experiments but lacks in 
vitro experiments, drug 
characterization, drug 
safety, and 
pharmacokinetic studies.

Note: In this table, the symbol “/” indicates that this content was not covered in the research.
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inorganic materials,179 and synthetic polymers,180 to increase the solubility of curcumin, reduce preabsorption degrada
tion, increase the absorption of curcumin by the colon, and prolong the elimination time181 (Table 3).

With the widespread adoption of the “precision medicine” concept, simply coating curcumin with specific materials to 
improve its absorption and metabolism can no longer meet the modern medical needs.196 Further designing curcumin 
NDDS based on gastrointestinal digestion factors, colonic intestinal barrier and the pathological physiological character
istics of UC to achieve precise drug delivery has become the future development trend of curcumin NDDS for treating 
UC. The construction strategies can mainly be divided into passive response and active targeting. The passive response 
design relies on the interaction between the colonic pH,197 ROS198 and intestinal flora199 and the NDDS, while the active 
targeting utilizes the receptors highly expressed in the UC colon, and actively targets macrophages and colonic intestinal 
epithelial cells200 through receptor-ligand interactions. However, NDDS based on a single mechanism often cannot 
achieve a good drug delivery effect. For example, pH-dependent NDDS can release drugs in the entire colon in response 
to the colon pH. However, the pathological characteristics of UC are segmental distribution,201 which means only a part 
of the drugs can reach the lesion site of UC. Therefore, a composite design should be an important direction for the future 
construction strategy of NDDS.

The NDDS composite design refers to integrating two or more different levels of conditional response mechanisms 
within a system. Through step-by-step triggering of the drug release mode, it achieves precise drug delivery to the UC 
lesion site. For example, a pH-dependent and ROS-dependent composite NDDS can first target deliver the drug to the 
colonic region by recognizing pH, and then, with the high concentration of ROS in the UC lesion site, trigger a second 
precise drug release.138 This significantly enhances the drug’s enrichment efficiency at the lesion site. Another more typical 
case is that researchers used macrophage ligand D-Man, pH-sensitive material PBAE, and ROS-sensitive material cysteine 
acetic acid to construct an NDDS. This construction strategy integrates three conditional response mechanisms: pH- 
dependent, ROS-dependent, and macrophage targeting. It can trigger drug release step by step from organs, tissues, to 
cells, ultimately delivering curcumin precisely to macrophages, achieving highly precise in vivo targeted drug delivery202 

(Table 4).

Conclusion and Challenges
This study, taking curcumin as a representative natural product, systematically explored the construction logic and 
practical approaches of NDDS based on the pathological and physiological essence of UC. Curcumin, with its multi- 
target and multi-mechanism therapeutic advantages, is regarded as a potential candidate drug for the treatment of UC. 
However, due to the limitations of curcumin’s own physicochemical factors, it exhibits low solubility, poor absorption, 
low bioavailability, and rapid metabolism in the body; in addition, gastrointestinal digestion factors and the colonic 
intestinal barrier jointly limit the therapeutic effect of curcumin. Nevertheless, thanks to the rapid development of NDDS, 
NDDS has achieved improvements in drug solubility, promotion of absorption, controlled release, and targeted delivery 
through various strategies such as size control, charge design, shape design, functional group modification, and stimulus- 
responsive design. Factors that may damage the structure of curcumin (such as pH, digestive enzymes, and intestinal 
flora) and factors that may hinder the absorption of curcumin (such as the intestinal mucus layer and intestinal epithelial 
barrier) have become the targets of curcumin NDDS delivery.

From the existing research evidence, single-mechanism NDDS is unable to adapt to the complex intestinal micro
environment of UC and is difficult to meet clinical needs. Specifically: time-dependent and stress-dependent NDDS have 
been gradually eliminated in the early stage due to significant individual differences in gastrointestinal transit time and 
colonic lumen pressure; pH-dependent, intestinal flora-dependent, mucus-dependent, and intestinal epithelium-dependent 
single strategies have the “pan-colonic release” defect, that is, they cannot precisely focus on the segmental lesions of 
UC, and some designs also have safety hazards, such as mucus dissolving agents breaking the mucus barrier and 
absorption promoters opening tight junctions, which may aggravate intestinal barrier dysfunction; ROS-dependent NDDS 
can achieve targeted drug release by taking advantage of the increased ROS concentration in the UC lesion site, but the 
“critical response concentration of ROS in the active phase of UC” and “the effect differences of different ROS-sensitive 
link groups” have not been clarified yet, limiting its further optimization.
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Table 4 Research on the Passive Response and Active Targeting of Curcumin NDDS

Category Engineering Modification Biological Characteristics Characteristic 

Characterization

Mechanism Model Assessment

Single Passive 

Responsiveness

pH-dependent Curcumin loaded into NDDS 

constructed with Eudragit S100 

(ERS100) and Poly(lactic-co-glycolic 

acid) (PLGA)197

Stability in gastric and small intestinal 

digestive environments; pH-dependent 

release;

Morphology: Spherical; 

Particle size: 1.52 ± 0.12 

μm; Zeta potential: /

Antioxidative stress Male FVB/NJ 

mice induced by 

3% (w/v) DSS

It includes in vivo 

experiments but lacks in 

vitro experiments, drug 

characterization, drug 

safety, and pharmacokinetic 

studies.

Curcumin loaded into Metal-Organic 

Frameworks (MOFs) constructed with 

cobalt (Co²+) and 2-methylimidazole203

Good biocompatibility; pH-dependent 

release;

Morphology: Rhombic 

dodecahedron; Particle 

size: Approximately 160 

nm; Zeta potential: −40.1 

± 0.22 mV

Antioxidative stress; Regulate 

inflammatory factors; Regulate 

macrophage polarization

RAW264.7 

cells; DSS- 

induced BALB/c 

mice

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and drug 

safety studies but lacks 

pharmacokinetic studies.

Curcumin loaded into Eudragit FS- 

Polycaprolactone204

pH-dependent release; Morphology: Spherical; 

Particle size: 85.05–231.54 

μm; Zeta potential: /

/ Female mice It includes in vivo 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks in vitro experiments 

and drug safety studies.

Curcumin loaded into Acid-resistant 

Antioxidant Nanoparticles (EGA NPs) 

constructed with EGCG205

Stability in gastric and small intestinal 

digestive environments; pH-dependent 

release;

Morphology: Spherical; 

Particle size: 118–262 nm; 

Zeta potential: 

Approximately −25 mV

Antioxidative stress; Regulate 

inflammatory factors; Repair 

intestinal mucosal barrier

RAW 264.7 

cells; Female 

BALB/c mice 

induced by 3% 

(w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, and drug 

characterization studies but 

lacks drug safety studies and 

pharmacokinetic studies.

Curcumin loaded into polymer NDDS 

constructed with PLGA and Eudragit 

S100206

pH-dependent release; Morphology: Spherical; 

Particle size: 116 ± 3 nm; 

Zeta potential: −40.4 ± 

0.6 mV

Anti-inflammation; Regulate 

inflammatory factors

J774 cells; 

Caco-2 cells; 

Female C57BL/ 

6 mice induced 

by 3% (w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, and drug 

characterization studies but 

lacks drug safety studies and 

pharmacokinetic studies.

(Continued)
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Table 4 (Continued). 

Category Engineering Modification Biological Characteristics Characteristic 

Characterization

Mechanism Model Assessment

Curcumin loaded into Carboxymethyl 

Chitosan (CC) microspheres, then 

embedded into hydrogel composed of 

HA and Gelatin (GE)207

Stability in gastric and small intestinal 

digestive environments; Long colonic 

retention; pH-dependent release.

Morphology: CUR-CC is 

spherical, HA-GE has a 

3D porous structure; 

Particle size: 5–10 μm; 

Zeta potential: −0.34 ± 

0.17 mV

Antioxidative stress; Regulate 

inflammatory factors; Reduce 

macrophage infiltration

DSS-induced 

male C57BL/6 

mice

It includes in vivo 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks in vitro experiments 

and drug safety studies.

Curcumin loaded into polyelectrolyte 

multilayer core−shell nanoparticles 

constructed with Chitosan (CS), 

Sodium Alginate (SA), and Cellulose 

Acetate Phthalate (CAP)208

Stability in gastric and small intestinal 

digestive environments; Long colonic 

retention; Charge-dependent targeting to 

colonic inflammatory sites; pH- 

dependent release;

Morphology: Cubic; 

Particle size: 421 ± 14 nm; 

Zeta potential: −0.34 ± 

0.17 mV

Anti-inflammation; Antioxidative 

stress; Regulate inflammatory 

factors

ICR mice 

induced by 2.5% 

(w/v) DSS

It includes in vivo 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks in vitro experiments 

and drug safety studies.

ROS-dependent Curcumin loaded into MOFs modified 

with HA and Dopamine (DA)198

Stability in gastric and small intestinal 

digestive environments; ROS-dependent 

release;

Morphology: Octahedral; 

Particle size: 236.61 ± 

0.18 nm; Zeta potential: 

0.34 ± 0.17 mV

Antioxidative stress; Regulate 

macrophage polarization; 

Regulate immune cells; Regulate 

intestinal cell apoptosis and 

proliferation

RAW 264.7 

cells; Male 

BALB/c mice 

induced by 3% 

(w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks drug safety studies.

Curcumin loaded into NDDS 

constructed with Carboxymethyl 

Chitosan (CMCS), γ-CD, and MOFs209

Stability in gastric and small intestinal 

digestive environments; ROS-dependent 

release;

Morphology: Body- 

centered cubic; Particle 

size: 200–624 nm; Zeta 

potential: /

Antioxidative stress; Regulate 

inflammatory factors; Remodel 

gut microbiota

Male BALB/c 

mice induced by 

3% (w/v) DSS

It includes in vivo 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks in vitro experiments 

and drug safety studies.

Curcumin loaded into Poly(lactic-co- 

glycolic acid) (PLGA) modified with 

Pluronic F127 (PF127)210

Good biocompatibility; Targeting to 

colon; Long colonic retention; Good 

mucus penetration; Good macrophage 

uptake; ROS-dependent release;

Morphology: Spherical; 

Particle size: 268–274 nm; 

Zeta potential: −14.0 - 

−20.2 mV

Antioxidative stress; Regulate 

inflammatory factors

RAW 264.7 

cells; Male FVB/ 

NJ mice induced 

by 3.5% (w/v) 

DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, drug 

safety, and pharmacokinetic 

studies.

Curcumin loaded into Diselenide- 

Oxalate NDDS with dual ROS-sensitive 

chemical groups211

Stability in gastric and small intestinal 

digestive environments; Good 

biocompatibility; Charge-dependent 

targeting to colonic inflammatory sites; 

ROS-dependent release;

Morphology: Spherical; 

Particle size: 182 ± 11 nm; 

Zeta potential: /

Antioxidative stress; Regulate 

inflammatory factors; Remodel 

gut microbiota

RAW 264.7 

cells; Female 

C57BL/6 mice 

induced by 2.5% 

(w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, drug 

safety, and pharmacokinetic 

studies.
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Composite Passive Responsiveness Curcumin loaded into dual-gel NDDS 

constructed with Guar Gum (GG) and 

Low-methoxyl Pectin (LMP), modified 

with SA and Chitosan (CS)212

Long colonic retention; pH and colonic 

enzyme-dependent release;

Morphology: Irregular 

porous spherical; Particle 

size: 20–150 μm; Zeta 

potential: /

Anti-inflammation; Repair 

intestinal mucosal barrier

RAW 264.7 

cells; DSS- 

induced male 

BALB/c mice

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks drug safety studies.

Curcumin loaded into dual-gel NDDS 

constructed with Guar Gum (GG) and 

Polyvinyl Alcohol (PVA), modified with 

SA and CS213

Stability in gastric and small intestinal 

digestive environments; Long colonic 

retention; pH and colonic enzyme- 

dependent release;

Morphology: Double-layer 

3D network structure; 

Particle size: 

Approximately 400 μm; 

Zeta potential: /

Anti-inflammation RAW 264.7 

cells; DSS- 

induced male 

C57BL/6 mice

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks drug safety studies.

Curcumin loaded into NDDS 

constructed with Eudragit S100 

(ERS100) and chitosan199

Stability in gastric and small intestinal 

digestive environments; Long colonic 

retention; pH and gut microbiota- 

dependent release;

Morphology: /; Particle 

size: Approximately 77.25 

μm; Zeta potential: /

Anti-inflammation; Repair 

intestinal mucosal barrier

Swiss mice 

induced by 

Acetic Acid 

(AA)

It includes in vivo 

experiments, in vitro 

experiments, and 

pharmacokinetic studies but 

lacks drug characterization 

and drug safety studies.

Curcumin loaded into NDDS formed 

by grafting Polyacrylamide (PAAm) and 

Xanthan Gum (XG)214

Stability in gastric and small intestinal 

digestive environments; pH and gut 

microbiota-dependent release;

Morphology: Spherical; 

Particle size: 

Approximately 500 nm; 

Zeta potential: /

Anti-inflammation; Antioxidative 

stress

Wistar rats 

induced by 

intraperitoneal 

injection of 2 

mL normal 

saline containing 

4% AA

It includes in vivo 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks in vitro experiments 

and drug safety studies.

Single Active Targeting Curcumin loaded into N-2- 

Hydroxypropyl Trimethyl Ammonium 

Chloride Chitosan (N-2-HACC) 

modified with Chondroitin Sulfate (CS), 

Cysteine (Cys), and Palmitic Acid 

(PA)215

Stability in gastric and small intestinal 

digestive environments; High cellular 

uptake; Long colonic retention; Colonic 

mucosal adhesion; CD44-dependent 

targeting to intestinal epithelial cells and 

macrophages;

Morphology: Spherical; 

Particle size: 238.90 ± 

4.51 nm; Zeta potential: 

41.93 ± 1.17 mV

Anti-inflammation; Antioxidative 

stress; Regulate inflammatory 

factors; Regulate immune cells; 

Regulate macrophage 

polarization; Remodel gut 

microbiota and its metabolism

Male BALB/c 

mice induced by 

3% (w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, drug 

safety, and pharmacokinetic 

studies.

Curcumin loaded into Poly(lactic-co- 

glycolic acid) (PLGA) modified with 

Hyaluronic Acid (HA)216

Long colonic retention; CD44-dependent 

targeting to intestinal epithelial cells and 

macrophages;

Morphology: Spherical; 

Particle size: 234.4 nm; 

Zeta potential: 

Approximately −14.6 mV

Regulate inflammatory factors; 

Regulate immune cells; Regulate 

macrophage polarization

Male ICR mice 

induced by 5% 

(w/v) DSS

It includes in vivo 

experiments and drug 

characterization studies but 

lacks in vitro experiments, 

drug safety studies, and 

pharmacokinetic studies.

(Continued)
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Table 4 (Continued). 

Category Engineering Modification Biological Characteristics Characteristic 

Characterization

Mechanism Model Assessment

Passive Response Combined with 

Active Targeting

Curcumin loaded into folic acid (FA)- 

modified cholesterol liposomes, then 

combined with Pectin-Chitosan (PC) 

hydrogel200

Stability in gastric and small intestinal 

digestive environments; Long colonic 

retention; Colonic enzyme-dependent 

release; FR-dependent targeting to 

macrophages;

Morphology: FA/CUR- 

PEG-LP is spherical, PC 

hydrogel has a porous 

structure; Particle size: 

91.70 nm; Zeta potential: 

−23.53 ± 0.70 mV

Antioxidative stress; Regulate 

inflammatory factors; Regulate 

macrophage polarization; Repair 

intestinal mucosal barrier

RAW 264.7 

cells; C57BL/6 

mice induced by 

3% (w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks drug safety studies.

Curcumin loaded into Lactoferrin (LF) 

modified with FA201

Stability in gastric and small intestinal 

digestive environments; Targeting to 

colon; Gut microbiota-dependent 

release; FA-dependent targeting to 

intestinal epithelial cells and 

macrophages;

Morphology: Spherical; 

Particle size: 287.54 ± 

11.38 nm; Zeta potential: 

−10.44 ± 0.19 mV

Regulate inflammatory factors; 

Remodel gut microbiota; Repair 

intestinal mucosal barrier; 

Regulate TLR4/NF-κB signaling 

pathway

RAW 264.7 

cells; Caco-2 

cells; Male 

BALB/c mice 

induced by 3% 

(w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks drug safety studies.

Curcumin loaded into Silk Fibroin (SF) 

modified with CS138

Stability in gastric and small intestinal 

digestive environments; Good 

biocompatibility; pH and ROS-dependent 

release; CD44-dependent targeting to 

macrophages;

Morphology: Spherical; 

Particle size: 175.4 nm; 

Zeta potential: −35.5 mV

Regulate inflammatory factors; 

Remodel gut microbiota

RAW 264.7 

cells; Mice 

induced by 3.5% 

(w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, drug 

safety, and pharmacokinetic 

studies.

Curcumin loaded onto β-cyclodextrin 

(β-CD) modified with D-Mannose (D- 

Man), Poly(β-amino ester) (PBAE), and 

Thioglycolic Acid, then encapsulated 

with Yeast Cell Wall Microparticles 

(YPs)202

Stability in gastric and small intestinal 

digestive environments; High cellular 

uptake; pH and ROS-dependent release; 

Macrophage targeting;

Morphology: Spherical; 

Particle size: 3322 ± 

14.697 nm; Zeta potential: 

−6.23 ± 0.44 mV

Antioxidative stress; Regulate 

inflammatory factors; Regulate 

macrophage polarization

LPS-induced 

RAW264.7 

cells; BALB/c 

mice induced by 

3% (w/v) DSS

It includes in vivo 

experiments, in vitro 

experiments, drug 

characterization, and 

pharmacokinetic studies but 

lacks drug safety studies.

Note: In this table, the symbol “/” indicates that this content was not covered in the research.
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Based on this, the integration of two or more response mechanisms into a composite design NDDS has become the 
current core direction with the greatest clinical transformation potential. This strategy “stepwise targeting and precise 
drug release” adapts to the multiple pathological links of UC: for example, pH/ROS-dependent combined receptor 
targeting can achieve a three-level targeting from “organ (colon) - tissue (inflammatory area) - cell (macrophage)” - a 
typical case is the NDDS constructed by “pH-sensitive material PBAE + ROS-sensitive mercaptoacetic acid + D-Man 
macrophage targeting”, which can not only locate the colon through pH response, but also focus on the inflammatory site 
through ROS response, and finally target macrophages through the mannose receptor-mediated targeting, achieving 
highly precise targeted drug delivery, and demonstrating superior anti-inflammatory effects and mucosal repair capabil
ities in animal models.

Although the NDDS field has developed rapidly in recent years and has achieved significant breakthroughs in various 
aspects, there is still a long way to go before natural product NDDS is used in clinical practice. At least the following 
issues need to be carefully considered: ① Toxicity of enhanced absorption of natural products: Given the defects of low 
solubility, poor absorption, low bioavailability, and rapid metabolism of curcumin, some studies have increased the 
dosage and frequency of curcumin use to achieve the expected therapeutic effect. However, long-term high-dose intake 
has shown certain adverse reactions.35 Therefore, it can be assumed that the high tolerance of the human body for 
curcumin and the low incidence of adverse reactions over time may be related to absorption deficiency and low 
bioavailability. Essentially, improving the absorption and bioavailability of curcumin through NDDS is consistent with 
increasing the dosage and frequency of use, both of which will affect the tolerance of the human body to curcumin and 
lead to potential toxic reactions. Therefore, the clinical translation of NDDS should be cautiously considered, especially 
given that safety studies and pharmacokinetic studies related to NDDS are largely lacking in current animal experiments. 
Future research should focus on the potential safety issues and pharmacokinetic studies of NDDS in humans, and 
determine an appropriate dose based on the combined impact intensity of NDDS on natural products, so as to minimize 
the toxic side effects caused by enhanced absorption and improved bioavailability. ② Toxicity of NDDS itself: Research 
on the toxicity of NDDS originated from inhalation toxicology, initially due to concerns about human exposure to 
ultrafine pollutants in the air, and gradually extending to the toxicity of nanoparticles, including NDDS in biomedical 
technologies.217 Since inorganic NDDS belongs to inorganic substances, it is generally considered to have toxicity and 
can cause inflammation, structural damage, and functional disruption.218 Organic NDDS, due to its high biodegradability 
and bioavailability, is considered safe.219 However, recent studies have shown that the physical and chemical properties 
of NDDS determine their interaction with the human body and, to a certain extent, their toxicity.220 This indicates that 
organic NDDS may also have potential toxicity. Further research has shown that the long-term toxicity of inorganic 
NDDS is significantly affected by its particle size.218 Considering that all NDDS have a nanoscale particle size, an 
important question is whether all NDDS may have potential toxicity under the condition of slow excretion and 
decomposition. Although toxicological studies on NDDS are gradually being conducted, they are far less than studies 
on the efficacy of NDDS, and considering the long experimental period required for toxicological studies of NDDS, 
another important issue is that the current animal models for UC may not support feasible toxicological studies of NDDS. 
The DSS induction method is the most widely used method for establishing UC models. Since the UC mice subjected to 
this method have a certain tendency to heal themselves, the administration period for the experimentalists is mostly 
controlled within 7–14 days.221 In fact, UC has clinical characteristics of alternating episodes, remission, and recurrence. 
The treatment cycle for UC patients is long and repetitive. The long-term toxicity study period of NDDS should be much 
longer than 14 days. The UC animal model induced by DSS cannot meet the needs of NDDS toxicity research. Testing 
the toxicity of NDDS in normal animals is also not entirely feasible. The construction strategy of NDDS is based on the 
colonic environment of UC patients, which is quite different from that of normal humans. The toxicity results of NDDS 
tested in normal animals cannot be equivalent to its performance in UC patients. We need to attach extreme importance to 
the toxicity research of NDDS and the development of corresponding animal models. This determines the future of 
NDDS clinical transformation. ③ The endpoint of NDDS for UC treatment: For the NDDS treatment of UC, the question 
we must clarify is where we want the drug and NDDS to reach. Considering that the UC colon can directly come into 
contact with oral NDDS, perhaps we do not need the drug to enter the systemic circulation. A study compared the 
therapeutic effects of different functional NDDS loaded with curcumin, and found that retaining curcumin within the 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S573966                                                                                                                                                                                                                                                                                                                                                                                                 15157

Ning et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



intestinal epithelial cells showed better efficacy than promoting its passage through the intestinal epithelial cells.178 

Therefore, for the treatment of UC, only maintaining a high concentration of the drug in the local UC colon, without 
maintaining the drug concentration in the systemic circulation, is a possible choice. Another important issue is whether 
the loaded drug NDDS needs to be completely absorbed. Considering that most NDDS still lack studies on decomposi
tion and excretion rates, as well as the acute toxicity and chronic systemic deposition after entering the systemic 
circulation, the best strategy at present may be for the loaded drug NDDS to release the drug after passing through 
the intestinal mucus layer, ensuring a high drug concentration in the local UC colon epithelium, and leaving the NDDS in 
the intestine to wait for excretion to avoid potential toxicity. Further, after curcumin enters the intestinal epithelial cells, 
only a small portion may be internalized and remain in the cells, some will be transported to lysosomes for decomposi
tion, and the rest will be excreted from the apical and basal sides of the cell through exocytosis.56 Therefore, a more in- 
depth delivery strategy may involve the design of the drug itself to avoid lysosomal decomposition and exocytosis, 
maintaining the drug concentration in the cells.

In the construction of natural product NDDS, understanding the pathological physiological characteristics of UC as a 
digestive system disease remains the most important foundational work and is also the key point for NDDS to achieve 
breakthrough progress.
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