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ABSTRACT 
Homeostasis of gut microbiota is extremely essential for maintaining nutrient metabolism and regulating immunological function. 
The increasing evidence suggests that inflammatory bowel disease (IBD) is strongly associated with dysregulation of gut microbiota. 
During activated inflammation, excessive reactive oxygen species (ROS) and reactive nitrogen species (RNS) produced by 
inflammatory cells play a detrimental role in regulating IBD and gut microbiota. ROS/RNS cause damage to the surrounding tissues, 
including nutrient absorption disorders, intestinal dysmotility and barrier dysfunction. Meanwhile, ROS/RNS provide terminal electron 
receptors for anaerobic respiration and support the bloom of facultative anaerobes, eventually causing gut microbiota dysbiosis. 
Redox-active nanoparticles (NPs) with catalytic properties or enzyme-like activities can effectively scavenge ROS/RNS, and 
selectively target inflamed sites via ultrasmall size-mediated enhanced permeation and retention (EPR) effect, showing great potential 
to regulate IBD and maintain the homeostasis of gut microbiota. In addition, the widespread application of NPs in commercial products 
has increased their accumulation in healthy organisms, and the biological effects on normal microbiota resulting from long-term 
exposure of NPs to gastrointestinal tract also need attention. 
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1 Introduction 
Nearly 100 trillion bacteria reside in the gastrointestinal tract 
of the human body, and a large proportion of bacteria tend  
to colonize colon. Bacteria and organism have coevolved in a 
symbiotic relationship in which gut bacteria not only digest and 
ferment carbohydrates, but also synthesize short chain fatty 
acids (SCFA) locally, which can serve as the source of energy for 
intestinal epithelial cell metabolism. In turn, intestinal epithelial 
cells provide a rich nutritional environment for bacterial growth, 
and secrete antimicrobial peptide and reactive oxygen species 
(ROS)/reactive nitrogen species (RNS) to prevent infection 
from resident bacteria [1–4]. Gut bacteria play a profound 
role in host health, known as the novel organ system of the 
human body, which directly or indirectly affects many physio-
logical functions of the host, such as regulating immune 
response and nervous system development [5–7]. It has been 
shown that dysbiosis in the gut microbiota of newborns may 
cause CD4+ T cell dysfunction that is characteristic of atopic 
disease [8]. The brain-gut axis is to establish bidirectional 
interactions between the microbiota and the brain, and changes 
in the composition of gut microbiota affect the state of central 
nervous system (CNS) [9, 10]. For example, the dysbiosis of 
intestinal microbiota induced by antibiotics can reduce the 
volume of cerebral infarction and improve the symptoms of 
neurological impairment [11]. Intermittent fasting can cause 
shifts in intestinal microbiota structure and metabolites of 

mice, which can enhance mitochondrial production and 
energy metabolism in the hippocampus of the brain, thereby 
reducing cognitive impairment in diabetic mice [12]. 

Inflammatory bowel disease (IBD) is characterized by 
chronic inflammation of the gastrointestinal tract, divided 
into Crohn’s disease (CD) and ulcerative colitis (UC) (Fig. 1(a)) 
[13]. Clinical symptoms include abdominal pain, diarrhea, 
hematochezia and weight loss [14]. Environmental, genomic, 
immunological and microbial factors are all related to the 
occurrence and development of IBD [15, 16]. Environmental 
factors are the main reason for the rising incidence of IBD, 
including geography, air pollution, childhood life (mode of 
birth, breastfeeding and exposure to antibiotics), and adult life 
(smoking, stress and diet) [17]. Genetic factors are responsible 
for the onset of IBD, mainly involving the variation of more 
than 200 genes [18, 19]. For example, mutations in NOD2 
cause fibrous stenosis in CD patients [20]. Immunological 
factors are mainly related to the imbalance of immune cells 
and inflammatory cytokines, leading to immune dysfunction [21]. 
We focus on factors related to gut microbiota in this review. 
Alternation (dysbiosis) of gut microbiota is one of the 
characteristics of IBD, which is mainly reflected in the changes 
of microflora composition and function [17]. A reduction in the 
richness and diversity of gut microbiota in IBD patients is 
more susceptible to infection from the external environment [22]. 
Furthermore, the reduction in the ratio of Firmicutes/ 
Bacteroidetes (F/B) further aggravates the progress of IBD [23]. 
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Compared to the healthy subjects, there is an increase in the 
relative abundance of harmful bacteria (such as Escherichia coli) 
and a decrease in the relative abundance of beneficial bacteria 
(such as Faecalibacterium prausnitzii), which resulted in impaired 
intestinal barrier function and loss of anti-inflammatory 
effects in IBD patients [24, 25]. Besides, the reduction in SCFA 
production seriously affects intestinal epithelial cell metabolism 
in IBD patients [26]. 

Appropriate levels of ROS/RNS exert an immense function 
on maintaining microbiota homeostasis and regulating IBD 
[27]. It has been demonstrated that microbiota dysbiosis is 
caused by the oxidative nature of the intestinal inflammatory 
response [28]. Primary ROS (superoxide (O2

), hydrogen 
peroxide (H2O2)) derived from nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase (NOX) can resist bacterial infection 
and participate in important physiological processes. During 
active inflammation, abundant recruitment and activation of 
polymorpho-nuclear leukocytes (PMNs), one of the phenotypes 
of inflammatory cells, can generate large amounts of secondary 
ROS/RNS (O2

, H2O2, hypochlorite (OHCL), nitric oxide (NO)) 
[27]. Excessive ROS/RNS have critical side effects on the 
surrounding tissues, and the most prominent damage is the 
increasing permeability of intestinal epithelial cells, leading to 
dysfunction of the intestinal barrier. In addition, NO induces 
intestinal nerve cell death, causing intestinal dysmotility and 
nutrient absorption disorders (Fig. 1(b)) [29, 30]. Furthermore, 
ROS/RNS eventually form harmless by-products that act as 
terminal electron acceptors to support the growth of facultative 
anaerobes, resulting in gut microbiota dysbiosis. Thus, IBD 

patients have lower microbiota diversity, which is characterized 
by the expansion of pro-inflammatory bacteria like Proteobacteria 
and the deletion of anti-inflammatory bacteria such as Clostridia 
(Fig. 1(c)) [31–35]. 

It is promising for NPs to be applied into biomedicine 
including drug delivery, diagnose and treatment [36–42]. 
Redox-active NPs with catalytic properties or enzyme-like 
activities can significantly scavenge ROS/RNS, which has made 
substantial progress in the treatment of inflammatory diseases 
[43, 44]. For the treatment of IBD, NPs have great advantages 
of actively targeting the inflamed site and avoiding unnecessary 
absorption in healthy tissue [45]. The mechanism of active 
targeting is proportional to the severity of inflammation, and 
can be divided into EPR effect and epithelial EPR effect. The 
EPR effect is that NPs selectively enhance the drug concentration 
in the colonic tissue through bloodstream delivery. The epithelial 
EPR effect is that NPs can reach the inflamed site due to 
impaired barrier [46, 47]. In addition, surface modification of 
NPs with appropriate functional ligands is also a good option, 
which can reduce the toxic effects induced by non-specific 
exposure [48, 49]. 

The mechanism of intimate interactions between redox-active 
NPs and gut microbiota is closely associated with ROS/RNS. 
Studies have brought evidence that NPs-mediated ROS/RNS 
scavenging can interfere with the respiration of pathogenic 
bacteria (Proteobacteria) induced by IBD, thereby reducing 
the relative abundance of pathogenic bacteria and restoring 
the homeostasis of gut microbiota [50]. However, some redox- 
active NPs are known as ROS/RNS generators, and oxidative  

 
Figure 1 The relationship between IBD, ROS/RNS and gut microbiota. (a) The specific location of UC (blue) and CD (green) in the intestine. Reproduced
with permission from Ref. [13]. © Wiley Periodicals, Inc. 2015. (b) Damages to the surrounding tissues induced by ROS/RNS, including nutrient
absorption disorders, intestinal dysmotility and barrier dysfunction. Reproduced with permission from Ref. [29]. © Nature Publishing Group 2018.
(c) The scheme of the relationship between ROS/RNS and gut microbiota. ROS/RNS can provide terminal electron receptors for anaerobic respiration and
support the bloom of facultative anaerobes, eventually causing gut microbiota dysbiosis. Reproduced with permission from Ref. [35]. © Nature Publishing Group 2017.
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stress-mediated damage can disrupt normal microbiota of 
healthy individuals and cause toxic effects [51]. Therefore, 
biological effects of NPs need to be considered carefully. In this 
review, given the interrelationship between NPs and ROS/RNS, 
we focus on the following key points including the therapeutic 
effects of various redox-activated NPs on IBD, the regulatory 
effects of various redox-activated NPs on IBD-induced micro-
biota dysbiosis, and the biological effects on normal microbiota 
of long-term exposure of various NPs to gastrointestinal tract. 

2 Redox-active NPs for IBD therapy 

2.1 Redox-active inorganic NPs 

Inorganic NPs have made progress in inflammatory diseases 
through the improvement of synthesis and modification 
[52, 53]. Similarly, the application of inorganic NPs in IBD has 
also developed rapidly (Table 1). Inorganic NPs have inherent 
ROS/RNS scavenging ability, and their excellent catalytic 
properties and enzyme-like activities can directly react with 
ROS/RNS, thus showing a powerful therapeutic effect against 
oxidative stress damage [54]. The catalytic therapy is substantially 
affected by the physicochemical parameters of inorganic NPs, 
including size, surface charge, surface area, and surface ligand. 
The size is involved in the excretion and distribution of inorganic 
NPs in vivo. The destroyed epithelial barrier exposes positively 
charged proteins, which attract negatively charged inorganic 
NPs to preferentially accumulate in the inflamed site [55]. 
Larger surface area exposes more catalytically active sites of 
inorganic NPs to participate in redox reactions [56]. The ligand 
modification can improve the stability, water solubility and 
biocompatibility of inorganic NPs [57]. Next, we will discuss 
the development of inorganic NPs for IBD therapy in detail. 

2.1.1 Metal oxide 

Zinc (Zn) is one of the essential trace elements in human body, 
and Zn deficiency is associated with immune diseases (asthma) 
and neurophysiological disorders (Alzheimer’s disease, (AD)) 
[58–60]. It has also been proven that Zn deficiency causes 
intracellular oxidative stress, leading to cellular dysfunction, 
and Zn plays an important role in maintaining intracellular 
redox homeostasis [61, 62]. Oxidant substance (NO, H2O2)  
can induce intracellular metallothionein (MT) to release Zn 
ions (Zn2+), thereby maintaining signal cascade and regulating 

the expression of NF-E2-related factor 2 (Nrf-2) and glutathione 
(GSH). In addition, MT itself can also act as an antioxidant  
to relieve oxidative stress (Fig. 2(a)) [63]. The important 
characteristic of IBD is the imbalance of free radicals, and Zn 
supplementation therapy has been shown to reduce intestinal 
permeability and reverse IBD-related risks [17]. 

ZnO is recognized as a safe substance by Food and Drug 
Administration (FDA) and US Food and many researchers 
have developed ZnO NPs for IBD research [74]. Abouzaid et 
al. developed ZnO NPs, showing a good therapeutic effect on the 
dextran sodium sulfate (DSS)- induced UC model in rabbits, and 
ZnO NPs significantly reduced the levels of malondialdehyde 
(MDA) and GSH, known as oxidative stress-related indicators 
[65]. Li et al. demonstrated that ZnO NPs could successfully 
inhibit the progression of IBD by releasing Zn2+ continuously and 
stably [64]. Transmission electron microscope (TEM) showed 
that the size of ZnO NPs was 29.7 ± 4.0 nm (Fig. 2(b)), and 
dynamic light scattering (DLS) exhibited that the narrow size 
distribution was 69.4 ± 13.0 nm (Fig. 2(c)). ZnO NPs mitigated 
IBD in a dose-dependent manner, thereby significantly alleviating 
colonic shortening (Fig. 2(d)) and pathological damage (Fig. 2(e)). 
As an antioxidant, ZnO NPs could regulate factors associated 
with oxidative stress, including ROS (Fig. 2(f)), transcription 
factor Nrf2 (Fig. 2(g)) and antioxidant enzyme quinone oxido-
reductase-1 (NQO-1) (Fig. 2(h)). Overall, ZnO NPs performed 
well against oxidative stress damage. 

Catalytic material cerium oxide (CeO2) NPs, as powerful and 
circulating ROS scavenging nanozymes, have shown effective 
protection in many diseases, such as neurological diseases 
(AD and stroke) and radiation protection [75–77]. The physical 
and chemical properties of the large surface area and the unique 
oxygen vacancy endow CeO2 with high antioxidant activity, 
even surpassing endogenous antioxidants [78]. The recycle 
shift between Ce3+ and Ce4+ by combining oxygen atoms on 
the surface contributes to eliminate O2

 and H2O2 effectively 
(Fig. 3(a)) [76]. The superoxide dismutase (SOD) activity of CeO2 
NPs has been successfully applied to protect gastrointestinal 
epithelial cells against radiation-induced damage. Intriguingly, 
CeO2 NPs induced the expression of SOD-2 in a dose-dependent 
manner in normal colon cells, and the researchers speculated that 
this might be an indirect protection against ROS (Fig. 3(b)) 
[79]. Naha et al. developed biocompatible dextran-coated CeO2 
NPs that could preferentially accumulate in colonic inflamed 
sites and protect cells against oxidative stress, and that could  

Table 1 Summary of the application of inorganic NPs in IBD 

NPs Size Scavenging ROS/RNS Administration Mechanism Reference
ZnO 29.7 ± 4 nm In vivo ROS/MDA/GSH Oral administration Antioxidant  [64] 
ZnO Unknow In vivo MDA/GSH Oral administration Antioxidant [65] 

CeO2 7 nm In vitro SOD Intestinal lumen 
administration Scavenging O2

 [66] 

Au 18 nm In vivo MDA/SOD/ GSH/CAT Intravenous injection Antioxidant [67] 

Au 5 nm In vivo MDA Oral administration 
Antioxidant and anti- 

inflammation by 
down-regulating IL-17 

[68] 

Au PVP/Citrate-5 nm/ 
TA-5-60 nm In vitro H2O2/ONOO Oral administration Antioxidant [69] 

Rh PEG-5 nm In vitro OH/ O2
 /H2O2 / 

NO/ONOO Intravenous injection Antioxidant [70] 

PtPdMo 10.6 nm In vitro POD, in vivo  
SOD/MDA Intraperitoneal injection Antioxidant [71] 

Fe/N-HCNs 230 ± 20 nm In vitro POD/OXD/CAT/SOD Oral administration Antioxidant [72] 

Pt@PCN222-Mn 200 nm In vitro SOD/CAT Intraperitoneal injection Scavenging ROS mediated 
by synergistic catalysis [73] 



 Nano Res. 2021, 14(8): 2535–2557 

 | www.editorialmanager.com/nare/default.asp 

2538 

 
Figure 2 The role of Zn in regulating redox signals and application of ZnO NPs in IBD. (a) Scheme of Zn in regulating redox signal. Reproduced with 
permission from Ref. [63], © Elsevier Inc. 2012. (b) TEM of ZnO NPs. Scar bar: 100 nm. (c) Size distribution of ZnO NPs. Effects of ZnO NPs treatment 
on (d) colon length, (e) histological score, and (f)–(h) expression levels of oxidative stress-related factors ((f) ROS, (g) Nrf2 and (h) NQO-1) in DSS mice. 
Reproduced with permission from Ref. [64], © Nature Publishing Group 2017. 

 
Figure 3 ROS scavenging ability of CeO2 NPs and application of CeO2 NPs in intestinal ischemia-reperfusion injury therapy. (a) O2

 and H2O2 scavenging 
ability of CeO2 NPs. Reproduced with permission from Ref. [76], © American Chemical Society 2016. (b) Up-regulation of SOD-2 expression induced by 
CeO2 NPs in normal human colon cells. Reproduced with permission from Ref. [79], © Elsevier Inc. 2012. (c) HRTEM image and average size distribution 
of Eu-doped CeO2 NPs. Scar bar: 10 nm. (d) Evaluation of SOD activity of Eu-doped CeO2 NPs by the cytochrome c reduction assay. (e) and (f) Effect of CeO2

NPs treatment on pathological tissues of mice with intestinal ischemia-reperfusion injury. Reproduced with permission from Ref. [66], © WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim 2017. 



Nano Res. 2021, 14(8): 2535–2557 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

2539 

also act as CT contrast agents due to strong X-ray attenuating 
capacity [80]. Et et al. proved that Eu-doped CeO2 NPs 
could effectively eliminate O2

 and relieve intestinal ischemia- 
reperfusion injury [66]. High resolution transmission electron 
microscopy (HRTEM) and DLS showed that the average size 
of Eu-doped CeO2 NPs was 7.0 ± 1.7 nm (Fig. 3(c)). Evaluation 
of SOD activity of Eu-doped CeO2 NPs by the cytochrome c 
reduction assay, and optical absorption showed that Eu-doped 
CeO2 NPs could effectively scavenge O2

, resulting in the 
decrease of cytochrome c content (Fig. 3(d)). Administration 
of Eu-doped CeO2 NPs into the intestinal lumen effectively 
inhibited the accumulation of ROS. Pathological analysis 
displayed that Eu-doped CeO2 NPs treatment could significantly 
reduce tissue damage on the intestinal ischemia-reperfusion 
injury mouse model (Fig. 3(e)). 

2.1.2 Metal 

The excellent biocompatibility, good kidney clearance and 
unique physicochemical properties of gold-based materials 
have aroused intense concerns in the biomedical field [42, 81, 
82]. Besides, gold-based materials, as emerging nanomedicine, 
have excellent catalytic activity for scavenging ROS and have 
been successfully applied to IBD therapy [67]. Small gold (Au) 
NPs show good anti-inflammatory effects and are easily to  
be excreted via the kidneys [83]. Zhu et al. developed Au  
NPs with different surface modifications including citrate, 
polyvinylpyrrolidone (PVP), and tannic acid (TA), and 
different sizes [69]. Various Au NPs were administered orally 
to investigate the therapeutic effect on DSS-induced IBD. Both 
citrate/5 nm and PVP/5 nm Au NPs successfully resisted 

weight loss (Fig. 4(b)). Au NPs reduced the expression of  
NO synthase (iNOS) by regulating the expression of Toll-like 
receptor 4 (TLR-4). Besides, Au NPs catalyzed the decomposition 
of peroxynitrite and H2O2, and acted as ROS/RNS scavengers 
to inhibit the activation of nuclear factor kappa beta (NF-B) 
and down-regulate pro-inflammatory factors, thus producing 
anti-inflammatory therapeutic effects. However, Au NPs failed 
to improve IBD-associated microflora disorders, and even 
caused potential negative effects (Fig. 4(a)). 

Amira et al. also found that Au NPs possessed a therapeutic 
effect on IBD by inhibiting the expression of pro-inflammatory 
factor interleukin (IL)-17 [68]. TEM showed that the average 
size of Au NPs was only 5 nm (Fig. 4(c)). The small size of Au 
NPs is good for absorption by intestinal epithelial cells [83]. 
IL-17 induces the production of other pro-inflammatory factors 
(IL-6, tumor necrosis factor (TNF)-) and NO [84, 85]. PCR 
experiments revealed that Au NPs reduced the gene expression 
of IL-17 (Fig. 4(d)), which was consistent with the results   
of immunohistochemical staining. There were only a small 
number of brown-yellow positive cells in the Au NPs-treated 
group, implying Au NPs could prevent inflammation and relieve 
oxidative stress by reducing IL-17 level (Fig. 4(g)). Mallory’s 
trichrome stain (Fig. 4(e)) and Alcian blue stain (Fig. 4(f)) 
intuitively showed that IBD could cause collagen deposition, a 
large amount of inflammatory cell infiltration, and a reduction 
in the number of goblet cells (their function: secreting mucus, 
resisting microbial contamination and participating in immune 
regulation) [86, 87]. However, Au NPs treatment could inhibit 
the inflammatory progression of colon cells and promote the 
regeneration of goblet cells. 

 
Figure 4 Application of Au NPs in IBD. (a) The mechanism of Au NPs in IBD by scavenging ROS/RNS. (b) Effects of Au NPs on body weight in DSS
mice. Reproduced with permission from Ref. [69], © BioMed Central 2018. (c) TEM of Au NPs. Scar bar: 50 nm. (d) PCR detection of IL-17. (e) The result
of Mallory’s trichrome stain for collagen fibers. (f) The result of Alcian blue stain for goblet cells. (g) The result of immune histochemical stain for IL-17.
Reproduced with permission from Ref. [68], © Nature Publishing Group 2017. 



 Nano Res. 2021, 14(8): 2535–2557 

 | www.editorialmanager.com/nare/default.asp 

2540 

Rhodium (Rh) is one of the extremely rare precious metals 
and its high catalytic activity plays a crucial role in many 
chemical transformation processes [88]. Polyethylene glycol 
(PEG)-coated rhodium nanodots (Rh-PEG NDs) exhibited 
excellent multienzyme mimetics, and its ultrasmall size (5 nm) 
contributed to exposing more metal atoms as active sites to 
scavenge ROS/RNS [70]. 2-di-(4-tert-octylphenyl)-1-picrylhydr- 
azyl (DPPH) was used to evaluate the RNS scavenging capacity 
of Rh-PEG NDs, which eliminated almost all RNS at extremely 
low concentrations (80 g/mL) (Fig. 5(b)). Rh-PEG NDs were 
added to H2O2 solution and a large amount of O2 was observed, 
indicating that Rh-PEG NDs with catalase-like (CAT-like) 
activity could decompose toxic H2O2 (Fig. 5(c)). Similarly, 
Rh-PEG NDs could efficiently scavenge O2

 (Fig. 5(d)) and 
hydroxyl radicals (OH) in a concentration-dependent manner 
(Fig. 5(e)). Cell viability was significantly improved via Rh-PEG 
NDs against oxidative stress induced by H2O2 (Fig. 5(f)). 
Intraperitoneal administration of Rh-PEG NDs was applied to 
investigate the therapeutic effect on DSS-induced IBD mice. 
Compared with the DSS group, Rh-PEG NDs-treated group 
showed slight reductions in colon length. The anti-inflammatory 
mechanism of Rh-PEG NDs was associated with multienzyme- 
like activities, which indirectly reduced the expression of pro- 

inflammatory factors such as IL-6 and TNF- (Fig. 5(a)). 
Metal NPs with hollow structures have larger accessible 

surface areas, thereby significantly enhancing catalytic 
performance [89, 90]. Our research group constructed PVP- 
protected PtPdMo nanocubes with dislocation structure, 
which could resist radiation-induced intestinal damage by 
scavenging ROS from intestinal epithelial cells (Fig. 5(h)) [71]. 
Its special morphologic structure exposed lots of active sites and 
prominently enhanced the peroxidase (POD) activity. Rapid 
2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) 
method was performed to evaluate the POD activity, and the 
results showed that the POD activity of PtPdMo nanocubes 
was linearly positively correlated with concentration (Fig. 5(i)). 
PtPdMo nanocubes could improve the survival rate of irradiated 
mice for 30 days (Fig. 5(j)), restore the intestinal SOD activity, 
and inhibit the intestinal lipid peroxidation level especially on 
the first day (Fig. 5(k)), which suggested that PtPdMo nanocubes 
protected the radiation-damaged intestine by alleviating 
oxidative stress. 

Multienzyme-mediated ROS scavenging based on metal 
nanomaterials has promising prospects for IBD therapy. Liu et al. 
developed an integrated cascade nanozyme (Pt@PCN222-Mn) 
by combining MOF materials with SOD-like activity and  

 
Figure 5 Application of Rh-PEG NDs in IBD and application of PtPdMo nanocubes in radiation-induced intestinal injury. (a) The mechanism of Rh-PEG 
NDs-mediated ROS/RNS scavenging for IBD therapy. (b) RNS scavenging ability of Rh-PEG NDs. (c) H2O2 scavenging ability of Rh-PEG NDs. (d) O2



scavenging ability of Rh-PEG NDs. (e) OH scavenging ability of Rh-PEG NDs. (f) Cell viability in the presence of Rh-PEG NDs with different 
concentrations of H2O2. (g) Effects of Rh-PEG NDs on colonic length in DSS mice. Reproduced with permission from Ref. [70], © American Chemical 
Society 2020. (h) Schematic diagram of the synthesis of PtPdMo nanotubes and PtPdMo protected radiation-induced intestinal injury via scavenging ROS. 
(i) The POD activity of PtPdMo nanocubes at different concentrations was measured by ABTS assay kit. Effects of PtPdMo nanotubes on (j) survival rate
and (k) intestinal SOD and MDA levels in irradiated mice. Reproduced with permission from Ref. [71], © Frontiers Media S.A. 2019. 
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Pt NPs with CAT-like activity (Fig. 6(b)) [73], which could 
respectively mimic SOD- and CAT-like activities due to the 
existence of two separate catalytic active sites. Moreover, 
the catalytic activity of Pt@PCN222-Mn could be regulated by 
changing the content of Pt NPs (Figs. 6(d) and 6(e)), and its high- 
efficiency synergistic catalytic ability successfully achieved the 
treatment of IBD (Fig. 6(c)). Fan et al. synthesized Fe and N 
co-doped hollow porous carbon nanospheres (Fe/N-HCNs) 
via a one-pot strategy (Fig. 6(f)) [72], which possessed four 
enzyme-like activities, including CAT, POD, SOD, and oxidase 
(OXD) (Figs. 6(g)–6(i)), and provided unique advantages for 
the relief of DSS-induced IBD. After Fe/N-HCNs treatment, the 
concentration of pro-inflammatory factors in the colon tissue 
was prominently reduced (Figs. 6(k)–6(l)). 

2.2 Redox-active organic NPs 

Self-assembling organic molecules have precise chemical 
structure and low-cost synthesis methods, and they can be 

designed into various functional redox organic molecules [91], 
which are widely applied in biomedicine, including drug delivery, 
disease surveillance and treatment [92–94]. Some organic 
drugs have been developed for clinical treatment of IBD such 
as sulfasalazine (SASP) and 5-aminosalicylic acid (5-ASA), 
and their anti-inflammatory therapeutic effects are associated 
with reduced oxidative stress damage [95, 96]. However, 
traditional oral drugs are easily absorbed by the upper 
gastrointestinal tract, and the dosage that reaches the colon is 
small, resulting in unsatisfactory therapeutic effects [97]. In 
recent years, researchers have successfully developed organic 
NPs with precise colon targeting and powerful ROS/RNS 
scavenging properties, which have great potential as antioxidants 
for IBD therapy (Table 2). These organic NPs are mainly 
derived from the precise assembly of nature active substances 
or small organic molecules with antioxidant activity. Next, we 
will specifically introduce the application of various organic 
NPs in IBD therapy. 

 
Figure 6 Application of integrated cascade nanozyme Pt@PCN222-Mn and Fe/N-doped hollow porous carbon nanospheres in IBD. (a) Location of 
CAT and SOD enzymes in the process of scavenging ROS. (b) Schematic diagram of cascade nanozyme structure. (c) Cascade nanozyme relieved IBD 
by scavenging ROS. (d) O2

 scavenging ability of cascade nanozyme. (e) Typical kinetic curves of the decomposition of H2O2 by cascade nanozyme. 
Reproduced with permission from Ref. [73], © American Association for the Advancement of Science 2020. (f ) Schematic diagram of the
synthesis of Fe/N-HCNs. (g) POD-like activity of Fe/N-HCNs. (h) OXD-like activity of Fe/N-HCNs. (i) SOD-like activity of Fe/N-HCNs. (j) CAT-like 
activity of Fe/N-HCNs. Effects of Fe/N-HCNs treatment on (k) TNF- and (l) IL-1β in DSS mice. Reproduced with permission from Ref. [72], © American
Chemical Society 2020. 
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2.2.1 Bilirubin-based NPs 

Bilirubin is a natural endogenous antioxidant, mainly derived 
from the breakdown aging of erythrocytes [98]. The completely 
exposed hydrogen on the 10th carbon bridge of the chemical 
structure of bilirubin is more accessible to free radicals, and 
even ROS scavenging ability exceeds vitamin E and C [99]. 
However, the water insolubility of pure bilirubin limits further 
clinical transformation. Bilirubin-based NPs have overcome 
this challenge through a variety of ligand modifications, and 
can effectively treat ROS-related diseases, including cancer, 
ischemia-reperfusion injury and inflammation [100–106]. 
For IBD therapy, Lee et al. developed two bilirubin-based NPs 
with good water solubility, which selectively targeted the colon 
and provided a good opportunity to exert antioxidant and 
anti-inflammatory pharmacological properties. 

Hyaluronic acid (HA) is glycosaminoglycan polymer mainly 
existing in extracellular matrix, and can restore the damaged 
colonic epithelium of IBD mice [107]. The self-assembled 
nanomedicine (HABN) was formed by conjugating HA and 
bilirubin in buffer solution (Fig. 7(a)) [108]. HABN could 
accumulate in the inflamed colon epithelium of acute IBD mice 
(Figs. 7(b)–7(c)), and target pro-inflammatory macrophages via 
the interaction of HA and CD-44 (Fig. 7(d)), thereby regulating 
the innate immune response. Moreover, HABN had strong 
antioxidant ability to protect the colonic epithelium from 
apoptosis and promote the recovery of epithelial barrier  
(Figs. 7(e)–7(g)). ZO-1 and Occludin-1 are very important tight 
junction proteins, which play an essential role in maintaining 
intestinal permeability [109]. HABN treatment significantly 
increased the expression levels of ZO-1 and Occludin-1 in 
DSS mice. 

Self-assembly of bilirubin NPs (BRNPs) by covalently binding 
bilirubin with PEG is another way to handle water insolubility 
(Fig. 7(h)) [110]. TEM and SEM images showed that the size 
of BRNPs was 94.13 nm after air-drying (Fig. 7(i)). BRNPs 
displayed powerful antioxidant ability by scavenging H2O2 in a 
concentration-dependent manner (Fig. 7(j)). Colitis mice were 
intravenously administered BRNPs to evaluate anti-inflammatory 
effects. Pathological analysis showed that the structure of colon 
tissue in BRNPs-treated group was basically intact with little 
immune cell infiltration (Fig. 7(k)). In addition, the excellent 

biocompatibility of BRNPs provided great potential for clinical 
transformation. 

2.2.2 Nitroxide radicals-containing NPs (RNPO) 

Nitroxide radicals possess unpaired electrons that can participate 
in redox reactions and are known as ROS scavengers [120]. 
2,2,6,6-tetramethylpiperid-ine-1-oxyl (TEMPO) is a typical 
nitroxide radical molecule, and it has been shown to be effective 
in treating oxidative stress damage. However, their non-selective 
entry into healthy cells leads to mitochondrial dysfunction, 
which may cause mitochondrial redox signal disturbance and 
potential toxic effects [121–124]. 

In order to overcome these challenges, researchers developed 
nitroxide radical-containing NPs (RNPO), which showed excellent 
ROS scavenging ability and pH insensitivity. Oral administration 
of RNPO could overcome the acute environment of the 
gastrointestinal tract and showed a good therapeutic effect for 
IBD [126–128]. The core–shell structure of RNPO was prepared 
by self-assembly of amphiphilic block copolymer methoxy- 
poly(ethyleneglycol)-b-poly(4-[2,2,6,6-tetr-amethylpiperidine- 
1-oxyl]oxymethylstyrene)(MeO-PEG-b-PMOT) [111]. Cytotoxic 
nitroxide radicals were wrapped in the shell, and the special 
structure showed high biocompatibility. The PEGylated 
characteristics of RNPO preferentially accumulated in the 
inflamed colon and would not be absorbed into the bloodstream 
through the mesentery. In contrast, low molecular weight drugs 
preferentially degraded and absorbed into the bloodstream  
at upper gastrointestinal tract, and failed to target the colon 
(Fig. 8(b)). 

Rhodamine-labeled RNPO were used to verify specific 
internalization of inflamed cells [125]. The fluorescence signals 
in H2O2-treated Caco-2 cells were significantly higher than 
that in H2O2-untreated Caco-2 cells, indicating that RNPO were 
more easily internalized by ROS-induced injured cells (Fig. 8(c)). 
Colitis mice were orally administered rhodamine-labeled RNPO 
to observe the distribution of RNPO in colonic tissue, and most 
of the fluorescence signals were distributed on the mucosal 
surface of the normal colon. However, fluorescence signals were 
also observed in the muscularis mucosal sites of inflamed 
colon, indicating that dysfunction of tight junction protein in 
colitis mice promoted further diffusion of RNPO. The ESR assay 
was also performed to analyze the specific internalization of 

Table 2 Summary of the applications of organic NPs in IBD 

NPs Size Scavenging ROS/RNS  Administration Mechanism Reference
HABN 86 ± 5 nm  In vitro H2O2 Oral administration Antioxidant [108] 
BRNPs 110 nm In vitro H2O2 Intravenous injection Antioxidant [110] 
RNPO 40 nm In vivo MDA/SOD Oral administration Antioxidant  [111] 

The amyloid-EGCG 
hydrogel 10–40 nm In vivo CAT/SOD/GSH/NO Oral administration Antioxidant [50] 

RANPs 63.5 ± 4 nm In vitro H2O2 Retro-orbital injection Antioxidant [112] 

PPBs 60 nm In vitro OH/OOH/H2O2 Intravenous injection Multienzyme-mediated 
scavenging ROS [113] 

MPBZs 120 nm In vitro OH/O2
/H2O2 Oral administration Nanozyme-mediated  

catalytic therapy [114] 

CS-CUR 175.4 nm Unknow Intravenous injection Antioxidant  [115] 
AON 202 ± 4 nm In vivo H2O2/MDA Oral gavage Antioxidant [116] 

Tpl/PEG-P (bCD) 168 nm In vitro H2O2 

in vivo MDA/SOD Oral administration Antioxidant  [117] 

TPL/OxbCD  95 ± 4 nm  In vitro H2O2 

in vivo MDA/SOD Oral administration Antioxidant [118] 

B-ATK-T 100–120 nm In vitro H2O2 

In vivo H2O2 Oral administration Antioxidant [119] 

 



Nano Res. 2021, 14(8): 2535–2557 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

2543 

RNPO [129]. The single peak of normal cells indicated that 
RNPO still maintained the core–shell micelle state, but the triple 
peak of inflamed cells suggested that the RNPO disintegrated 
at the inflamed colon, and exposed the nitroxide radicals  
(Fig. 8(d)). In addition, RNPO suppressed the progression of 
IBD in a dose-dependent efficacy [125]. For example, IL-1 
decreased significantly with the increase of drug dose (Fig. 8(e)). 
Calprotectin level is higher in IBD patients, which is one of 
the indicators for clinical diagnosis [130]. Treatment with even 
a low concentration of RNPO significantly down-regulated the 
expression of calprotectin (Fig. 8(f)). The survival rate of mice 
treated with 300 mg/mL RNPO was 85.7%, much higher than 
that of the clinical drug (5-ASA) (Fig. 8(g)) [125]. The dose- 
dependent efficacy of RNPO was beneficial for further clinical 
application.  

2.2.3 Polyphenols-based NPs 

Polyphenols are natural active substance derived from plants 
and are the general term for characteristic polyphenolic com-
ponents [131, 132]. The excellent antioxidant of polyphenols 

is attracted to treat IBD [133–135]. However, low stability 
and poor bioavailability limit their applications in treatment 
[136, 137]. Polyphenols-based NPs are alternative candidates 
to overcome these shortcomings and exert better potential 
therapeutic effect for IBD [138]. 

Epigallo-catechin-3-gallate (EGCG) is the most abundant 
bioactive substance in green tea polyphenols [139], EGCG-based 
NPs significantly improve the stability and bioavailability 
compared to pure EGCG. Gou et al. synthesized EGCG-NPs 
by self-assembling EGCG with ovalbumin (OVA) extracted 
from egg white, which could be internalized into macrophages 
to maintain the homeostasis of inflammatory factors, so as to 
achieve perfect therapeutic efficacy in DSS-induced UC mouse 
model [140]. Hu et al. constructed amyloid-polyphenol hybrid 
nanofilment hydrogels with higher EGCG loading capacity than 
other delivery systems (Fig. 9(a)) [50]. After oral administration, 
the hydrogel could enter the small intestine from the stomach, 
finally enter the large intestine and remain in the colon for a 
long time (Fig. 9(b)). The hydrogel therapy could effectively 
inhibit the increase of disease activity index (DAI) score, colon  

 
Figure 7 Application of bilirubin-based NPs in IBD. (a) Schematic diagram of HA-BR self-assembly to form HABN. (b) The distribution of HA-Cy5.5, 
HACN-Cy5.5 and HABN-Cy5.5 detected by in vivo imaging system (IVIS). (c) Quantitative analysis of Cy5.5 fluorescence signal. (d) Colon tissues stained
with anti-F4/80 and anti-EpCAM antibodies of different groups. Scale bars: 40 m. The expression levels of (e) ZO-1 and (f) Occludin-1 mRNA in 
different groups. (g) Intestinal permeability was measured with FITC-dextran. Reproduced with permission from Ref. [108], © Nature Publishing Group 
2019. (h) Schematic diagram of synthetic BRNPs. (i) SEM and TEM of BRNPs. (j) H2O2 scavenging ability of BRNPs. (k) Effects of BRNPs on pathological 
tissues in DSS mice. Reproduced with permission from Ref. [110], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. 
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length shortening, and inflammatory cells infiltration in DSS 
mice (Figs. 9(c)–9(e)).  

Rosmarinic acid (RA) from plants such as rosemary is an 
important natural antioxidant. Chan et al. developed PEGylated 
RA-derived NPs (RANPs), which improved water insolubility 
and low bioavailability (Fig. 9(f)) [112]. TEM showed that the 
RANPs were spherical with an average size of 63.5 ± 4.0 nm 
(Fig. 9(g)), and the hydrodynamic size was 67.5 ± 3.5 nm  
(Fig. 9(h)). RANPs at the dose of 1 M could eliminate H2O2 
at the dose of 50 M (Fig. 9(i)), and RANPs protected CHO 
cells from H2O2-activated oxidative stress damage (Fig. 9(j)). 
Fluorescence images showed that RANPs mainly accumulated 
in the inflamed colon (Fig. 9(k), and high doses of RANPs could 
alleviate weight loss (Fig. 9(l)) and length of colon in DSS mice 
(Fig. 9(m)). The good biocompatibility of RANPs provided a 
new strategy for IBD therapy. 

2.2.4 Prussian blue-based NPs 

Prussian blue (PB) has CAT-, POD-, and SOD-like activities, 
which can effectively eliminate a variety of ROS. PB-based NPs 
have been successfully applied in the treatment of ROS-induced 
diseases, including ischemic stroke and inflammation [141–144]. 
Zhao et al. synthesized PVP-modified PB NPs (PPBs) with good 
physiological stability and biosafety. PPBs could effectively 
eliminate ROS due to the presence of low redox potential  
and abundant variable valence (Fig. 10(a)) [113]. PPBs could 
selectively accumulate in the inflamed colon and inhibit the 
development of IBD with intravenous injection (Fig. 10(b)). 

Various DSS-induced indicators were significantly reduced 
after PPBs treatment, including DAI score, length of colon, and 
myeloperoxidase (MPO) expression (Figs. 10(c)–10(e)). 

Then, the research group further improved PPBs by intro-
ducing manganese ions (Mn2+) to generate a new manganese 
PB nanozyme (MPBZs) (Fig. 10(f )) [114]. MPBZs with 
multienzyme-like activities could effectively protect cells from 
oxidative stress-mediated damage (Figs. 10(g) and 10(h)). In 
addition, MPBZs could target inflamed colon through oral 
administration and reduce inflammatory response by affecting 
the expression of key molecules in inflammation-related and 
oxidation-related signaling pathways (Figs. 10(i)–10(k)), providing 
a new treatment idea for ROS related diseases, especially IBD. 

2.2.5 Others organic NPs 

In addition, there are several other types of organic redox NPs 
for IBD. Curcumin is a natural antioxidant [145, 146]. Curcumin- 
based NPs (CS-CUR-NPs) exhibited a variety of releasing 
characteristics at different pH and concentrations of GSH/ROS, 
and selectively accumulated in the inflamed colon by targeting 
inflammation-activated macrophages, providing effective 
protection for IBD mice [115]. ROS responsive NPs (AON) 
based on annexin A1-mimetic peptide Ac2-26 were stable and 
not easily degraded in the complex gastrointestinal environment 
[116]. The biodistribution experiments showed that AON 
mainly retained in the inflamed colon, thus reducing potential 
toxicity. AON performed a better therapeutic effect on acute 
and chronic colitis by regulating pro-inflammatory and oxidative 

 
Figure 8 Application of nitroxide radicals-based NPs (RNPO) in IBD. (a) Schematic of RNPO synthesis. (b) Schematic diagram of the selective accumulation
of RNPO in the inflamed colon. Reproduced with permission from Ref. [111], © AGA Institute, 2012. (c) Fluorescent images of H2O2 treated Caco-2 cells 
and untreated Caco-2 cells after incubating with Rho-RNPO for 30 min. Scale bars: 20 m. (d) Specific accumulation of RNPO in the inflamed colon 
detected by the fluorescence microscopy and ESR. Scale bars: 100 m. (e)–(f) Effects of RNPO on inflammatory factors (IL-1β and calprotectin) through 
oral administration. (g) Survival rate of IBD mice treated with different doses of RNPO. Reproduced with permission from Ref. [125], © Elsevier B.V. 2105.
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stress factors. The SOD/CAT mimetic NPs (Tpl/OxbCD) based 
on ROS responsive -cyclodextrin material and ROS scavenger 
tempol could simultaneously scavenge multiple components 
of ROS, and effectively deliver drug to the inflamed colon  
and increase local drug concentration. Tpl/OxbCD NPs 
showed excellent therapeutic performance for DSS or 2,4,6- 
trinitrobenzene sulfonic acid (TNBS)-induced IBD [117]. 
Besides, Tpl/PEG-P(bCD) NPs assembled by the guest interaction 
between the cyclodextrin (CD)-containing copolymer and the 
guest polymer are also good drug candidates for IBD therapy 
[118]. ROS sensitive aromatized thioketal and antioxidant 
tempol self-assembled to form NPs (B-ATK-T), and could 
efficiently scavenge ROS without toxicological response [119]. 

3 Redox-active NPs regulate IBD-induced 
microbiota dysbiosis 
Gut microbiota dysbiosis is one of the essential factors that 
can lead to the deterioration of IBD [147, 148]. Studies have 
shown that ROS/RNS support the growth of facultative 

anaerobes, thus increasing their prevalence in the bacterial  
community. In particular, the increase in the relative abundance 
of some pathogenic Enterobacteriaceae can lead to gut microbial 
dysbiosis. The specific process of ROS/RNS destroying gut 
microbiota homeostasis is as follows (Fig. 11(a)). Firstly, pro- 
inflammatory factors (such as IFN-γ) activate the corresponding 
enzymes to produce H2O2, O2

, and NO. Then SOD and MPO 
can convert O2

 into H2O2 and hypochlorite (OCl), while 
NO interact with O2

 to produce nitrate molecules under the 
action of intestinal carbon dioxide. Secondly, ROS/RNS diffuse 
from the intestinal epithelium and react rapidly with organic 
sulfides and tertiary amines present in the intestinal lumen to 
form S-oxides and N-oxides respectively, which act as single- 
electron receptors to support the growth of facultative anaerobes. 
Intestinal pathogenic bacteria can express nitrate reductase, 
dimethyl S-oxide (DMSO) reductase and trimethylamine 
N-oxide (TMAO) reductase, which can convert free radicals to 
the corresponding products, thereby providing the necessary 
energy for the growth of pathogens in the intestinal anaerobic 
environment. Normal microbiota generally does not express 

 
Figure 9 Application of polyphenols-based NPs in IBD. (a) Schematic diagram of the synthesis of amyloid-polyphenol hybrid nanofilament hydrogels 
and alleviation of IBD by regulating gut microbiota. (b) Biodistribution of amyloid-polyphenol hybrid nanofilament hydrogels loaded with 18F-FDG in the 
gastrointestinal tract was detected by MicroPET-CT images. Effects of amyloid-polyphenol hybrid nanofilament hydrogels treatment on (c) DAI scores, 
(d) colonic length and (e) colonic tissues in DSS mice. Reproduced with permission from Ref. [50], © American Chemical Society 2020. (f) Schematic 
diagram of PEGylated RA self-assembly to form RANPs. (g) TEM of RANPs, Scale bar: 100 nm. (h) Size distribution of RANPs. (i) H2O2 scavenging 
ability of RANPs. (j) Cell viability of H2O2-treated CHO-K1 cells after incubation with different concentrations of RANPs. (k) Biodistribution of
ICG-loaded RANPs in major organs. Effects of RANPs on (i) weight and (m) colonic length in DSS mice. Reproduced with permission from Ref. [112],
© American Chemical Society 2020. 
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these enzymes, so it is at a disadvantage in the process of 
competing with pathogenic bacteria [32]. 

Redox-active NPs can regulate IBD-induced gut microbiota 
dysbiosis by eliminating ROS/RNS, and interfere with the 
production of electron receptors supporting the growth of 
pathogenic Enterobacteriaceae. However, as shown in Table 3, 
the mechanism that most NPs regulate gut microbiota has not 
been studied further.  

ZnO NPs showed a good effect on regulating IBD-induced 
gut microbiota dysbiosis [64]. Both 5-ASA and ZnO NPs 
could reduce the relative abundance of harmful bacteria such 
as Enterobacterium, Enterococcus, and Staphylococcus aureus, 
but only ZnO NPs could increase the number of probiotics 
Lactobacillus and Bifidobacterium, suggesting that ZnO NPs 
exhibited better potential than 5-ASA to maintain bacterial 
homeostasis. 

Au NPs-mediated ROS/RNS scavenging ability failed to 
regulate IBD-induced gut microbiota dysbiosis [69]. The diversity 
of gut microbiota in Au NPs-treated group was decreased, 
even lower than that of DSS group. Furthermore, the decrease 
in the F/B ratio and the relative abundance of SCFA producing 
bacteria (Roseburia, Ruminococcaceae, and Odoribacter) 
exacerbated the development of IBD. Researchers suggested 

that Au NPs with CAT-like activity could eliminate H2O2 
produced by probiotics, and disrupt gut microbiota balance. 
Accordingly, it is worth recommending the combination therapy 
of Au NPs and probiotics. 

Polyphenols-based nanocompounds such as amyloid- 
polyphenol hybrid nanofilament hydrogels, performed well in 
maintaining microbiota homeostasis [50]. Heat map exhibited 
nine upregulated operational taxonomic units (OTUs) in 
DSS group (Fig. 11(b)), and oral treatment with the amyloid- 
polyphenol hybrid nanofilament hydrogels inhibited the 
enrichment of these pathogenic bacteria, especially Romboutsia, 
Aestuariispira, Escherichia, and Bacteroes_thetaiotaoicron  
(Figs. 11(g)–11(j)). The antioxidant activity of amyloid- 
polyphenol hybrid nanofilament hydrogels could eliminate 
ROS/RNS, and interfere with the production of electron receptors 
that support the growth of pathogenic Escherichia. In addition, 
amyloid-polyphenol hybrid nanofilament hydrogels treatment 
also significantly increased the total fecal SCFA level, which 
was mainly attributed to the increase in acetic acid level  
(Figs. 11(c)–11(f)). Another example is CS-CUR NPs, which was 
formed by modifying the natural antioxidant active substance 
curcumin with chondroitin sulfate (CS) [115]. CS-CUR NPs 
significantly reduced the relative abundance of pathogenic 

 
Figure 10 Application of Prussian blue-based NPs in IBD. (a) Schematic diagram of the synthesis of PPBs and as artificial nanozyme, they could
effectively eliminate ROS. (b) Intravenous administration of PPBs inhibited the progression of IBD by scavenging ROS. Effects of PPBs treatment on (c)
DAI scores, (d) colon length, and (e) MPO activity in DSS mice. Reproduced with permission from Ref. [113], © American Chemical Society 2018.
(f) Schematic diagram of synthetic MPBZs. (g) H2O2 scavenging ability of PPBs. (h) Effects of different concentrations of MPBZs on H2O2-activated 
RAW264.7 macrophages. (i) Heat map of gene expression associated with inflammation. (j) Heat map of gene expression associated with oxidative stress. 
(k) The expression of NFκB-50, NFκB-105, RELA, TLR4, PTGS1 and PTGS2 were evaluated by western blotting. Reproduced with permission from
Ref. [114], © Ivyspring International Publisher 2019. 
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bacteria Proteobacteria and increased the number of SCFA 
producing bacteria, including Bacteroidales, Prevotellaceae 
and Ruminococcus. 

HABN derived from bilirubin showed good performance in 
regulating IBD-induced gut microbiota dysbiosis. The richness 
and diversity of HABN-treated group was slightly different 

from those of the PBS group (Fig. 12(a)) [108]. Akkermansia is 
a beneficial microbe that maintains intestinal barrier function 
and enhances anti-inflammatory effects [149]. Clostridium 
XIVα has been shown to induce the production of colonic Treg cell 
and maintain immune homeostasis [150, 151]. Lactobacillus is 
a well-known probiotic that exerts anti-inflammatory effects 

 
Figure 11 The relationship between ROS/RNS and gut microbiota, and amyloid-polyphenol hybrid nanofilament hydrogels regulated IBD-induced gut 
microbiota dysbiosis. (a) The mechanism of ROS/RNS regulating gut microbiota. Reproduced with permission from Ref. [32], © European Molecular 
Biology Organization 2013. (b) The key OTUs analysis in each group. (c)–(f) The changes of SCFA in each group. (g)–(j) Relative abundance of OTU70, 
OTU8, OTU17, and OTU3 in each group. Reproduced with permission from Ref. [50], © American Chemical Society 2020. 

Table 3 Summary of the regulation of redox-active NPs on IBD-induced gut microbiota dysbiosis 

NPs Regulation Mechanism Reference

ZnO 
Restore microbiota homeostasis, including increasing the relative abundance of 
probiotic bacteria Lactobacillus and Bifidobacterium and reducing the relative 
abundance of pathogenic bacteria Enterobacter, Enterococcus and S.aureus 

Antioxidant  [64] 

Au Reduce the biodiversity of microbiota, the F/B ratio, and SCFA producing 
bacteria, and increased the dissimilarity of microbiota 

Scavenging H2O2 to further 
aggravate microbiota dysbiosis [69] 

HABN 
Increase the diversity and richness of microbiota, and increase the relative 
abundance of probiotic bacteria, including Akkermansia, Clostridium XIVα and 
Lactobacillus 

Antioxidant  [108] 

The amyloid- 
EGCG hydrogels 

Regulate the structure and diversity of microbiota, and reduce the relative 
abundance of pathogenic bacteria, including Aestuariispira and Escherichia, and 
increase the level of SCFA 

Interfering with the production 
of electron acceptors [50] 

AON Reduce the relative abundance of pathogenic bacteria Escherichia-Shigella, and 
increase SCFA producing bacteria Prevotellaceae and the level of SCFA Antioxidant  [116] 

CS-CUR Regulate the diversity of microbiota, and increase the relative abundance of SCFA 
producing bacteria, including Bacteroidales, Prevotellaceae and Ruminococcus Antioxidant  [115] 
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through various mechanisms, such as reducing the concentration 
of adhesion and translocation pathogens, and activating the 
immune system to protect the inflamed colon [152, 153]. After 
HABN treatment, the relative abundance of the three beneficial 
bacteria increased significantly (Figs. 12(b)–12(d)), indicating 
that HABN had a comprehensive therapeutic effect on IBD.  

AON, ROS-responsive NPs with powerful antioxidant 
activity, is also a good nano-drug for regulating microbiota 
[116]. Escherichia–Shigella, is an infectious pathogen that 
promotes the deterioration of IBD [154]. Compared with the 
DSS group, AON treatment significantly reduced the number 
of Escherichia–Shigella (Fig. 12(f)), and increased the relative 
abundance of SCFA-producing bacteria Prevotellaceae. Increased 
SCFA levels accelerated the reconstruction of gut microbiota 
ecosystem (Fig. 12(g)). 

4 Biological effect 
The rapid development of NPs and their applications in the 
fields of medicine, food and cosmetics have attracted substantial 
attention [155–157]. However, they are inevitably exposed  
to the human gastrointestinal tract and even react with gut 
microbiota resided in the large intestine, and the potential 
biological effect has also aroused wide concerns [158]. The 
unique physical and chemical properties of NPs all increase 
the risk of biological response and interfere with gut microbiota 

homeostasis, such as high specific surface area, ultrasmall size,  
and reactivity-mediated participation in redox reactions or 
ROS generation [159]. Table 4 summarizes the effects of NPs 
on gut microbiota after long-term exposure. Inorganic NPs 
were reviewed such as silver (Ag) NPs, titanium oxide (TiO2) 
NPs and Au NPs, and their potential biological mechanisms, 
including ROS generation and the release of toxic ions were 
presented. The effect of carbon-based NPs on the gut microbiota 
is also associated with oxidative stress. Next, we will highlight 
and summarize the potential interaction between NPs and gut 
microbiota. 

Ag NPs have broad spectrum and promising antibacterial 
properties [168–171]. As shown in Fig. 13(a), Ag NPs and silver 
ions (Ag+) released by Ag NPs can generate ROS and cause 
damage to bacteria [172–174]. Recently, several studies have 
focused on the potential impact of Ag NPs on normal microbiota 
through oral administration. Orally administered Ag NPs in 
mice for 28 days disturbed microbiota balance, especially causing 
a decrease in the evenness (α-diversity) and populations 
(β-diversity) of microbiota [160]. In addition, the relative 
abundance of Firmicutes and Bacteroidetes also changed 
significantly in a dose-dependent manner (Fig. 13(b)), which 
might cause gastrointestinal inflammatory disease. Similarly, 
oral administration of Ag NPs in rabbits for two weeks increased 
the F/B ratio and changed neurobehavior [161]. 

TiO2 is widely used as food additive, and long-term exposure 

 
Figure 12 Application of HABN and AON in regulating IBD-induced gut microbiota dysbiosis. (a) OTU richness in each group. (b)–(d) Relative 
abundance of OTU000-1, OTU0028, OTU0007 in each group. (e) Relative abundance of gut microbiota at the phylum/family level. Reproduced with
permission from Ref. [108], © Nature Publishing Group 2019. (f) Relative abundance of gut microbiota at genus level. (g) The changes of SCFA in each
group. Reproduced with permission from Ref. [116], © The Authors 2019. 
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has raised concerns about the potential impact on intestinal 
microbiota [175–178]. Mu et al. found that long-term intake 
of dietary TiO2 with the size of 10 and 50 nm reduced weight 
in mice (Fig. 13(c)), and changes in diversity of microbiota were 

almost recorded, and the decrease in the relative abundance of 
beneficial bacteria such as Bifidobacterium and Lactobacillus 
was observed (Figs. 13(d)–13(i)) [162]. Li et al. reported that 
oral administration of different crystal forms of TiO2 induced 

Table 4 Summary of biological effects of NPs on normal gut microbiota 

NPs Exposed days Effect Mechanism Reference

Ag 28 Disrupt the diversity of gut microbiota and increase the F/B ratio Oxidative stress damage [160] 
Ag 14 Gut microbiota dysbiosis and neurobehavioral alterations High reactivity [161] 

TiO2 112 Decrease the weight of mice and decrease the relative abundance of 
probiotic bacteria, including Bifidobacterium and Lactobacillus Toxicity effect [162] 

TiO2 28 Shift the structure of gut microbiota and increase the relative abundance of 
pathogenic bacteria-Proteobacteria Toxicity effect [163] 

TiO2 56 Increase the F/B ratio, and decrease the level of SCFA and the relative 
abundance of probiotic bacteria-Lactobacillus 

Oxidative stress mediated 
toxicity effect [164] 

Au 28 Increase the relative abundance of probiotic bacteria without affecting the 
diversity of gut microbiota Antibacterial effect [165] 

SWNTs 7 
Decrease the F/B ratio and increase the relative abundance of proinflammatory 
bacteria, including Alitipes_uncultured_bacterium and Lachnospiraceae 
bacterium A4 

Antibacterial effect [166] 

Fullerenols 28 Shift the overall structure of microbiota and increase the relative abundance 
of SCFA producing bacteria Unknow [167] 

 
Figure 13 Biological effects of Ag/TiO2/Au NPs on normal gut microbiota. (a) The antibacterial mechanisms of Ag NPs. Reproduced with permission 
from Ref. [174], © American Chemical Society 2018. (b) Effects of Ag NPs with different doses by oral administration on the main bacteria in healthy 
mice for 28 days. Reproduced with permission from Ref. [160], © BioMed Central 2016. Effect of long-term uptake of TiO2 on (c) body weight and 
(d)–(i) the relative abundance of certain bacteria in healthy mice. Reproduced with permission from Ref. [162], © American Chemical Society 2019. 
Effects of 28 days oral administration of Au NPs on the (j) richness (OTUs), (k) diversity (ACE) and (l) F/B ratio of gut microbiota in healthy mice. 
Reproduced with permission from Ref. [165], © American Chemical Society 2019. 
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changes in the structure of gut microbiota [163]. In particular, 
rutile TiO2 selectively increased the relative abundance of 
harmful bacteria Escherichia coli and reduced the level of 
probiotic Bifidobacterium, which proved rutile TiO2 was  
more harmful to gut microbiota than anatase TiO2. Cao et al. 
evaluated dietary TiO2 for 8 weeks in normal mice [164]. No 
significant toxicity was observed, but composition of gut 
microbiota was altered. For example, the relative abundance of 
health-promoting probiotics (Bifidobacterium and Lactobacillus) 
was decreased, and the F/B ratio associated with inflammation 
was increased. 

Au NPs display strong antibacterial activity [179, 180]. Li  
et al. studied the effect of 4,6-diamino-2-pyrimidinethiol 
(DAPT)-coated Au NPs (D-Au NPs) for 28 days on normal 
microbiota in mice by oral administration [165]. Compared 
with the control group, the microbiota of D-Au NPs group 

showed higher species richness through OTU curve analysis 
(Fig. 13(i)), but there was little difference in the evenness between 
the two groups (Fig. 13(j)). D-Au NPs reduced the F/B ratio 
and were beneficial for regulating gut microbiota (Fig. 13(k)). 
Therefore, D-Au NPs showed great potential for clinical 
application as antibiotics without side effects. 

The antibacterial activity of carbon-based nanomaterials has 
attracted widespread attention [181–183]. Rajavel et al. discovered 
that carbon nanotubes (CNTs) produced ROS under light 
conditions, and then oxidative stress-mediated lipid peroxidation 
caused cell membrane damage and intracellular component 
outflow, leading to bacterial cell death (Fig. 14(a)) [184]. Lyon 
et al. proposed that fullerenes exerted antibacterial activity via 
ROS-independent oxidative damage, and interfered with cell 
respiration by inhibiting single electron transfer [185]. Kang   
et al. found that Escherichia coli exposed to CNTs expressed 

 
Figure 14 Biological effects of carbon-based NPs on normal gut microbiota. (a) Mechanism of bacterial toxicity of CNT. Reproduced with permission
from Ref. [184], © American Chemical Society 2014. (b)–(e) Relative mRNA level of Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria in feces
of mice at different times after oral administration of SWCNTs. (f) The F/B ratio in each group. Reproduced with permission from Ref. [166], © WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (g) The contents of acetate, propionate and butyrate after oral administration of fullerenol NPs. (h) The
correlation between individual genera and the content of SCFA, and the effect of fullerenol NPs on the relative abundance of SCFA-related bacteria. (i) The
change of fullerenols NPs concentration after the reaction of fullerenols NPs with gut microbiota in vitro fermentation. (j) The final concentrations of
fullerenols NPs after fermentation. (k) The effect of fullerenol NPs on SCFA producing bacteria, including Bifidobacterium, Clostridium IV, and
Allbaculumsp, inulin as positive control. (l) The distribution and (m) excretion of fullerenol NPs. Reproduced with permission from Ref. [167], © BioMed
Central 2018. 
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higher levels of stress-related gene products [186]. In conclusion, 
ROS production plays an important role in the antibacterial 
activity of CNTs. 

Chen et al. assessed the potential toxic effect of oral 
administration of different doses of single-walled carbon 
nanotubes (SWNTs) on the gastrointestinal tract [166]. 
Investigations showed that administration of SWNTs at a dose 
of 2.5 mg/kg in mice for 7 days caused significant changes 
in gut microbiota, which were characterized by the bloom of 
Bacteroidetes and Proteobacteria (a typical pro-inflammatory 
bacteria) in mRNA levels and the depletion of Firmicutes 
and Actinobacteria (Figs. 14(b)–14(e)). Besides, the researchers 
compared the effects of several types of carbon nanotubes 
(SWNTs, multiwalled carbon nanotubes (MWCNTs), graphene 
oxide (GO)) on the structure of gut microbiota among different 
groups, and found that SWNT was more sensitive to transfer 
Bacteroidetes to Firmicutes (Fig. 14(f)). 

Two fullerenol NPs (Fol1C60(OH)7(O)8 and Fol113C60(OH)11(O)6) 
were administered orally to mice for 28 days, which significantly 
altered the structure of gut microbiota, especially increased 
the relative abundance of SCFA producing bacteria [167]. Gas 
chromatography-mass spectrometry detection of feces clearly 
showed that two fullerenol NPs, especially Fol1, remarkably 
enhanced the levels of acetate, propionate, and butyrate   
(Fig. 14(g)), which was strongly associated with the increased 
relative abundance of SCFA producing bacteria, such    
as Lactobacillus, Allobaculum, Bifidobacterium, Dorea, and 
Blautia (Fig. 14(h)). In vitro fermentation of fullerenol NPs 
and gut microbiota showed that fullerenol NPs were degraded 
by gut microbiota, and increased the relative abundance of 
Bifidobacterium, Clostridium IV, and Allbaculum, indicating 
that fullerenol NPs exhibited the similar effect as inulin in 
raising the level of SCFA producing bacteria (Figs. 14(i)–14(k)). 
The PET images showed that fullerenol NPs were mainly 
distributed in the gastrointestinal tract, and the 95% fullerenol 
NPs were excreted within 24 hours (Figs. 14(l)–14(m)). The 
ability of fullerenols NPs to promote SCFA production could 
be applied to treat hyperlipidemia and obesity. 

5 Conclusion and prospective 
Studies have shown that ROS concentration in the colonic 
mucosa of IBD patients is 10–100 times higher than that of the 
healthy subjects [187]. Overproduction of ROS/RNS mediated 
oxidative stress damage, including DNA damage and lipid 
peroxidation, can overwhelmingly destroy colonic tissues, cause 
intestinal dysfunction, and further aggravate the progression 
of IBD. Meanwhile, ROS/RNS can provide terminal electron 
receptors for anaerobic respiration and support the bloom   
of facultative anaerobes, such as Proteobacteria. Therefore, 
scavenging ROS/RNS is considered as one of the most effective 
means to treat IBD and regulate gut microbiota. 

In this review, we specifically discussed the great potential 
of various types of redox-active NPs for IBD and microbiota 
regulation, and summarized the common characteristics of 
redox-active NPs. Firstly, the large surface area of redox-active 
NPs provides abundant reaction sites and further improves 
the redox chemical reactivity. Secondly, redox-active NPs have 
single or multiple enzyme-like activities, and can effectively 
scavenge ROS/RNS. Thirdly, some small organic NPs extracted 
from natural bioactive substances have active sites in their 
chemical structure to react with ROS/RNS, and are very important 
natural antioxidants. Finally, the ultrasmall size NPs selectively 
accumulate at the inflamed colon via the EPR effect, which 

guarantees the presence of high dose of drug and prolonged 
pharmacological effect in the inflamed site. 

Over the past few decades, the application of NPs in IBD 
therapy has made significant progress, but there are still some 
major challenges that need to be addressed (Fig. 15). The catalytic 
activity of redox-active NPs needs to be further enhanced. For 
example, NPs with enzyme-like activity or multienzyme-like 
activities, as well as abundant active sites involved in redox 
reactions, can all contribute to improving the catalytic activity. 
Therefore, it is important to design the structure of NPs. Copper 
(Cu) NPs can scavenge H2O2 and O2

, and cuprous oxide 
(Cu2O) NPs can scavenge H2O2 and OH. Coating Cu2O on 
the surfaces of Cu NPs can eliminate multiple components of 
ROS [188]. Based on the original structure, doping metals with 
high catalytic activity is also a method to improve the catalytic 
activity [189, 190].  

Then the toxicity of redox-active NPs needs to be reduced. 
The physicochemical parameters of NPs are associated with 
toxic effects including charges, ligands and sizes. PEG 
modification is the most frequent methods mentioned in the 
review, which can improve stability in sharp gastrointestinal 
environments. However, the potential toxicity of PEG 
modification has also raised concerns [191]. Besides, the size 
of NPs seriously affects liver and kidney function. Previous 
studies have shown that NPs with a hydrodynamic diameter  
of smaller than 5.5 nm can rapidly renal clearance [192], and 
large NPs are absorbed by mononuclear phagocytic system 
(MPS) of the liver, causing potential hepatotoxicity [193]. The 
NPs accumulated in the brain may not be excreted for 4 months 
[194]. The interaction of NPs with brain directly affects CNS 
homeostasis, or the interaction between NPs and gut microbiota 
indirectly affects CNS function via the gut-brain axis [194]. 
Therefore, as an ideal nanomedicine, both long-term and 
short-term toxicity experiments should be investigated, aiming 
to achieve maximum therapeutic effects and minimize toxic 
effects. It is worth noting that more systematic and scientific 
experiments need to be carried out to evaluate the toxic 
effects of NPs. 

Next, the mechanisms of inflammation need to be further 
explored. The focus of NPs in the treatment of IBD is on the 
recovery of colon tissue, weight gain and other superficial 
phenomena, but most of the mechanisms have not been thoroughly 
studied. For example, the NPs may modulate inflammatory 
responses by regulating activated immune cells and signaling 
pathways, thus up-regulating or down-regulating the expression 
of cytokines, which can be further explored in future studies 
[195].  

Finally, brain-gut axis is a hot field that needs to be further 
studied. The development of IBD is accompanied by anxiety 
and depression, and the accumulating evidence shows that 
there is bidirectional regulation between microbiota and CNS 
[196, 197]. The brain regulates gut microbiota and intestinal 
target cells through the autonomic nervous system (ANS) and the 
hypothalamic-pituitary-adrenal axis (HPA), thereby affecting 
intestinal motility patterns, intestinal barrier function, and 
intestinal immune function. In turn, metabolites (SCFA, bile 
acids) and neuroactive substances (GABA, 5-hydroxytryptamine 
(5-HT), tryptophan) produced by gut microbiota send 
corresponding signals to the brain through vagus nerve or 
spine, altering the function of the CNS [198, 199]. Zhao et al. 
found that lycopene could alleviate DSS-induced IBD, which 
not only remodeled gut barrier integrity and gut microbiota 
structure, but also improved behavioral disorders by increasing 
the content of neuroregulatory nutritional factors [200]. However, 
the current NPs therapy is mainly focused on intestinal tissue, 
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and there is no research on the IBD-induced neurobehavior 
disorders, which is also a new field worth exploring.  

In short, redox-active NPs-mediated ROS/RNS scavenging 
is very promising in the treatment of IBD and the regulation 
of dysfunctional gut microbiota. More studies are needed to 
determine the details of interactions between NPs and 
physiological environment in the future, which will not only 
help optimize the physicochemical properties of NPs to achieve 
better targeted therapeutic effects, but also effectively assess 
and control the toxicity risks associated with NPs. 
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