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A B S T R A C T   

Silver (nAg) and titanium dioxide (nTiO2) nanoparticles improve texture, flavour or anti-microbial properties of 
various food products and packaging materials. Despite their increased oral exposure, their potential toxicities in 
the dysfunctional intestine are unclear. Here, the effects of ingested nAg or nTiO2 on inflamed colon were 
revealed in a mouse model of chemical-induced acute ulcerative colitis. Mice (eight/group) were exposed to nAg 
or nTiO2 by oral gavage for 10 consecutive days. We characterized disease phenotypes, histology, and alterations 
in colonic transcriptome (RNA sequencing) and gut microbiome (16S sequencing). 

Oral exposure to nAg caused only minor changes in phenotypic hallmarks of colitic mice but induced extensive 
responses in gene expression enriching processes of apoptotic cell death and RNA metabolism. Instead, ingested 
nTiO2 yielded shorter colon, aggravated epithelial hyperplasia and deeper infiltration of inflammatory cells. Both 
nanoparticles significantly changed the gut microbiota composition, resulting in loss of diversity and increase of 
potential pathobionts. They also increased colonic mucus and abundance of Akkermansia muciniphila. Overall, 
nAg and nTiO2 induce dissimilar immunotoxicological changes at the molecular and microbiome level in the 
context of colon inflammation. The results provide valuable information for evaluation of utilizing metallic 
nanoparticles in food products for the vulnerable population.   

1. Introduction 

Ulcerative colitis (UC), a subtype of inflammatory bowel disease 
(IBD), is characterized by chronic inflammation starting at rectum and 
extending to parts of or entire colon. Fundamentally, IBD is the clinical 
manifestation of defective and uncontrolled gut immune responses to 
environmental triggers in genetically susceptible individuals. A precise 
understanding of what contributes to this immune malfunction remains 
unknown. The pathogenesis of IBD is multifaceted, as evidenced by data 
showing complicated interplay of inherent and external factors such as 
genetics, diet, and stress (Maloy and Powrie, 2011). The dysfunction of 
intestinal epithelial barrier has been identified to play a key role in UC 

pathogenesis. These patients have a so-called “leaky” gut due to dis-
rupted tight junction proteins between the epithelial cells and reduced 
mucus barrier. As a result, there is enhanced penetration of inflammo-
genic luminal matters (bacteria or food antigens) into the mucosal layer, 
causing local inflammation (Söderholm et al., 2002; Edelblum and 
Turner, 2009). 

An increasing body of evidence suggests that gut dysbiosis at the 
mucosal front plays a critical role in development of relapsing IBD 
(Nagao-Kitamoto et al., 2016; Duboc et al., 2013; Panpetch et al., 2020; 
Rajca et al., 2014; Seekatz et al., 2014; Ni et al., 2017). Patients are 
associated with an increased population of pro-inflammatory Proteo-
bacteria members such as Enterobacteriaceae(Seksik et al., 2003; 
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Baumgart et al., 2007) and a lower amount of anti-inflammatory Fir-
micutes bacteria, specifically Faecalibacterium prausnitzii (Manichanh 
et al., 2006; Walker et al., 2011; Frank et al., 2007; Halfvarson et al., 
2017). With an overgrowth of pathogenic species and a breach in barrier 
integrity, pathogen-associated molecular patterns (PAMPs) on bacteria 
readily bind to pattern recognition receptors (PRRs) such as Toll-like 
receptors (TLRs) on intestinal epithelial cells or immune cells, acti-
vating a cascade of inflammatory responses and immunetoxicity (Ni 
et al., 2017). However, a causal relationship between gut dysbiosis and 
IBD development cannot be definitively elucidated since it remains 
unclear if the former precedes or results from existing inflammation (Ni 
et al., 2017). 

Food additives, such as titanium dioxide (TiO2) and silver (Ag), have 
been abundantly used in modern food products and western diet. 
However, European Union member states decided to ban the use of TiO2 
as E171 food additive in early 2022, due to a lack of definite conclusion 
in its safety assessment (European Commission, 2021). Nanosized TiO2 
(nTiO2) particles contribute up to 36% of the food whitening agent E171 
(Weir et al., 2012; Peters et al., 2014). Nanosized silver (nAg) particles 
also present in a considerate amount (23%) in food coloring additive 
E174(Waegeneers et al., 2019), in addition to their wide use in food 
packaging materials to eliminate odors and extend shelf-life. Both nTiO2 
and nAg are popular food additive components that are present in 
assorted food types including coffee creamer, chewing gums, cakes, 
chocolates, confectionary sweets (Chaudhry et al., 2008; Srinivas et al., 
2010), which gives rise to increased oral exposure to these nanoparticles 
in the general population. 

Metal-type nanoparticles are known for their anti-microbial prop-
erties. While both nAg and nTiO2 have been shown to induce mild to 
major microbial alterations in gut of healthy or obese mice(Van Den 
Brûle et al., 2015; Williams et al., 2015; Pinget et al., 2019; Cao et al., 
2020), their impact on the gut microbiota in UC is less known. Several 
studies have shown that nTiO2 particles were found present in the 
Peyer’s patches and blood samples of IBD patients (Ruiz et al., 2017; 
Lomer et al., 2002, 2004). Owning to a close link between medical 
conditions such as IBD and a disrupted gut microbiota, it is important to 
examine whether nAg or nTiO2 influences the commensal gut flora in 
colitis mice. Our study aimed to assess the biological effects and po-
tential immunotoxicity of oral exposure to nAg or nTiO2 on gut gene 
expression and microbiota in a mouse model of dextran sulphate sodium 
(DSS)-induced colitis. A transcriptomic approach was taken for this 
study to reveal the global transcriptional alterations induced by the 
tested particles. This approach captures comprehensive changes that are 
partly missing in conventional assays such as real-time PCR and mea-
surement of inflammatory markers in tissue or serum. 

2. Materials and methods 

2.1. Nanoparticles and suspension preparation 

Nanoscale pre-made dispersion (5 mg/ml) of Ag and powered TiO2 
were purchased from NanoComposix (San Diego, United States) and 
Nanostructured & Amorphous Materials, Inc. (Houston, United States) 
respectively. Properties of these nanoparticles provided by the manu-
facturers are summarized in Table 1. A detailed characterization of the 

same materials has been performed and published previously (Poon 
et al., 2017). TiO2 suspensions were prepared freshly on each treatment 
day by dispersing the powders in autoclaved MilliQ water (vehicle in 
this experiment), followed by 30-s vortexing and 20-min water-bath 
sonication at 30 ◦C. Both Ag and TiO2 dispersions were vortexed for 
30 s immediately before oral gavage. 

2.2. Mice 

All animal procedures were approved by Committee on the Use of 
Live Animals in Teaching and Research, University of Hong Kong. After 
one-week acclimatization, male C57BL/6J mice aged six to seven weeks 
were caged in groups of three to four in individually ventilated cages and 
were provided with standard chow diet and autoclaved tap water ad 
libitum when not receiving any treatment. A carefully controlled animal 
environment with a 12-h light-dark cycle at 22 ◦C was provided for the 
mice. 

2.3. Animal treatment protocol 

Mice (eight per group) were randomly assigned to one of the 
following groups: DSS and vehicle (DSS + Veh); DSS and nAg (DSS +
Ag); DSS and nTiO2 (DSS + TiO2) (Fig. S1A). Additional groups of 
healthy control mice (Naïve) and mice receiving DSS alone (DSS) were 
also included (data shown in supplementary document), with eight mice 
per group. Two-percent (wt/vol) DSS (molecular weight, 
36,000–50,000; MP Biomedicals) dissolved in sterile drinking water was 
provided to the mice ad libitum for seven days to induce colitis, followed 
by a recovery period (switched to normal drinking water) of three days. 
Throughout the 10 days, autoclaved water (vehicle), 50 mg/kg Ag or 
500 mg/kg TiO2 suspensions were administered via oral gavage. Im-
mediate oral gavage after sonication and vortexing was chosen as the 
route of exposure to deliver a precise dose of particles and to avoid 
particle aggregation that would otherwise happen when left in food or 
drinking water over time. Mice were sacrificed by overdose of sodium 
pentobarbitone. Colon tissue was harvested and stored in RNAlater® 
solution (Life Technologies Ltd., Paisley, UK) or fixed in formalin for 
further analysis. One fecal pellet expelled from each mouse was 
collected in an empty and sterilized cage, as described by Langille et al. 
(2014) Fecal samples were stored at − 80 ◦C immediately after collection 
until microbiome analysis. 

2.4. Dose selection 

Different concentrations have been studied and tested in previous 
publications, ranging from 1 mg/kg to 1 g/kg for nAg(Williams et al., 
2015; van der Zande et al., 2012; Shahare et al., 2013; Wilding et al., 
2016; Park et al., 2010), and from 2.5 mg/kg to 5 g/kg for nTiO2 (Ruiz 
et al., 2017; Gao et al., 2021; Bettini et al., 2017; Wang et al., 2007a, 
2013; Zhao et al., 2013). Our doses were selected based on the limited 
data on human real-life exposure and likely underestimation due to the 
rather loose or even absent restrictions on the use of nAg or nTiO2 in 
food products in EU (before 2022) and United States (Medina-Reyes 
et al., 2020). The estimated dietary intake of Ag and TiO2 range from 
1.29 μg/kg/day to 6.59 μg/kg/day and 1 mg/kg/day to 3 mg/kg/day 
respectively(Weir et al., 2012; EFSA Panel on Food Additives, 2016), 
depending on age groups, consumers’ locations and dietary habits. In 
USA, the FDA-approved maximum use of E171 is 1% of the final weight 
of the food product (United States Food and Drug Administration, 2017). 
Based on the previous report that 36% of the particles in E171 fall within 
the nanoscale (Weir et al., 2012), the daily oral exposure to nTiO2 was 
estimated to be 4000 mg × 1% x 36% = 14.4 mg/mouse (corresponding 
to [weight of food] x [maximum amount of E171] x [proportion of 
nTiO2]), i.e. 720 mg/kg (assume a 20 g mouse eats 4 g food per day), and 
thus 500 mg/kg was selected as the dose of nTiO2 in this study. A lower 
dose of nAg, 50 mg/kg, was chosen due to its expected lower human 

Table 1 
Nanoparticle intrinsic characteristics provided by the manufacturers.   

nAg nTiO2 

Size 25 nm 30–40 nm 
Form Dispersion in H2O Powders 
Composition – Anatase/rutile: 90:10 
Specific surface area 21.1 m2/g 30 m2/g 
Purity 99% 99% 
Coating Polyvinylpyrrolidone (PVP) –  
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exposure level compared to nTiO2 (EFSA Panel on Food Additives, 
2016). 

2.5. Macroscopic evaluation of colitis 

On each experimental day, body weights of mice were measured and 
stool samples were collected and tested for presence of occult fecal blood 
using Hemoccult® Sensa® Single Slides Rapid Diagnostic Test Kit 
(Beckman-Coulter, CA, United States) according to the manufacturer’s 
protocol. Disease activity index (DAI), a sum of marks for body weight 
loss, stool consistency, and presence of fecal blood, was calculated based 
on a scheme shown in Table 2 (Murano et al., 2000). On sacrifice day, 
the entire colon was excised and its length was measured. 

2.6. Histological assessment 

In the histological analysis, 1 cm of colon was fixed in 10% buffered 
formalin and embedded in paraffin and then 4-μm colon sections were 
cut and stained with hematoxylin and eosin (H&E) to score: (Erben 
et al., 2014): the depth of inflammation (0, absence of infiltrate; 1, 
infiltrate found at the mucosa; 2, infiltrate reaches the submucosa; 3, 
infiltrate involves the muscularis propria), the degree of epithelial hy-
perplasia (0, none; 1, mild; 2, moderate; 3, severe), and the extent of 
epithelial erosion (0, none; 1, focal, < 20% of total mucosa; 2, small, 
20–40% of total mucosa; 3, large, >40% of total mucosa). An overall 
score of histological damage was obtained by taking the average of the 
three scores, where inflammation weighs 50% while hyperplasia and 
erosion weigh 25% each. Periodic acid Schiff-Alcian blue (PAS-AB) stain 
(Thermo Fisher Scientific, United States) was used to examine changes 
in mucus quantity, following the manufacturer’s protocol. Acidic, 
neutral and mixed mucosubstances were stained as blue, magenta and 
bluish purple respectively. The specific and total stained area was 
determined by color-thresholding in ImageJ and was divided by the total 
length of mucosa, to give stain density of mucosubstances (Amat et al., 
2017; Zhu et al., 2015; Livraghi et al., 2009). 

2.7. Colon RNA extraction and transcriptomics analysis 

Colon samples were homogenized in lysis buffer and extracted using 
RNeasy® Plus Mini kit (Qiagen) according to the manufacturer’s pro-
tocol. The concentration and integrity of isolated RNA was measured by 
NanoDrop spectrophotometer (ND-1000, Thermo Fisher Scientific Inc., 
United States). Library preparation was carried out using the Nextera XT 
DNA sample prep kit (Illumina, United States) according to manufac-
turer’s instruction. The 3’end-amplified fragments were sequenced on 
the Illumina NextSeq 500 platform. RNA sequencing was conducted 
based on the Drop-seq protocol and the reads were processed following 
the pipeline adopted by Macosko et al. (2015) The sequenced reads were 
filtered and trimmed to less than 20 nt via the tool Trimmomatic (pa-
rameters: LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15 and MIN-
LEN:36). PolyA tails of length six or greater was further removed in the 
Drop-seq tools (https://github.com/broadinstitute/Drop-seq). There-
after the processed reads were mapped to GRCm38.p6 whole genome 
using STAR (v2.6.0a) with the default settings for gene annotation. Raw 
read counts were calculated using featureCounts software (v1.6.4). Gene 
counts between the samples were Trimmed Mean of the M values (TMM) 

normalized and differential gene expression analysis was conducted in a 
negative binomial linear model and Wald tests with low expression 
outliers removed using Cook’s distance in edgeR. The threshold for 
significance was set at fold change greater than |1.25| and Benjamini 
Hochberg adjusted p < 0.05. 

The identified differentially expressed genes (DEGs) were hierar-
chically clustered in the software Perseus based on the Euclidean 
method and the k-means algorithm, based on Z-score normalized log2- 
transformed gene expression intensity values of the 23 DEGs that were 
tested ANOVA-positive (p ≤ 0.05) in Perseus (Tyanova et al., 2016). 
Principle component analysis (PCA) plot was also established in Perseus, 
computed based on the log2-transformed read counts of total DEGs 
between different treatment groups. Venn diagrams were created in 
Venny 2.1.0 to indicate the distribution of DEGs between sample groups 
(OliverosVenny, 2007). Gene enrichment analysis was performed in 
PANTHER to reveal the GO biological processes induced by the DEGs 
(Mi et al., 2017). In addition, Diseases or Functions Annotation analyses 
were performed in Ingenuity Pathway Analysis (IPA) software (Qiagen, 
United States) to elucidate the downstream outcome of up- or 
down-regulated DEGs when comparing nanoparticle-treated groups (Ag 
or TiO2) with vehicle control group (Krämer et al., 2014), with a cut-off 
for significantly enriched annotation set at adjusted p < 0.05 and the 
exclusion of “cancer” category. 

2.8. 16S sequencing and analysis 

DNA was extracted from mice fecal samples using QIAamp® Pow-
erFecal® Pro DNA Kit (Qiagen, Germany) according to the manufac-
turer’s protocol. The V3–V4 hypervariable region was amplified with 
Phusion® High-Fidelity PCR Master Mix (New England Biolabs, United 
States), and assessed for purity and integrity by 5400 Fragment Analyzer 
system (Agilent). The PCR product was then extracted by Qiagen Gel 
Extraction Kit (Qiagen, Germany) according to the manufacturer’s 
protocol. Thereafter the samples were quantified via Qubit 2.0 Fluo-
rometer (Thermo Scientific, United States) and prepared for sequencing 
using the NEB Next Ultra DNA library prep kit (New England Biolabs, 
United States). 

16S sequencing was performed on an Illumina NovaSeq 6000 
sequencing platform generating 250-bp paired-end reads (Novogene 
Bioinformatics Technology Co., Ltd.). The raw reads were overlapped by 
linking them from each sample using FLASH (Version 1.2.10) with 
default parameters (Magoč and Salzberg, 2011). Raw tags were trun-
cated from continuous low-quality base site (default quality threshold 
≤19) to the first low-quality base point that reaches the set length 
(default length value 3), and sequences with continuous high-quality 
bases of less than 75% of tag length were also filtered to obtain high 
quality clean tags in QIIME (Version 1.7.0) (Caporaso et al., 2010; 
Bokulich et al., 2013). After the filtering, chimeric sequences were 
detected and removed using UCHIME algorithm against the reference 
database (Gold) to obtain Effective Tags that were used to match 
Operational Taxonomy Units (OTUs) (Edgar et al., 2011). OTUs were 
assigned to each sample based on 97% similarity threshold in UPARSE 
software (Version 7.0.1001) (Edgar, 2013). Taxonomic annotations 
were given with reference to the SILVA database in MOTHUR (Wang 
et al., 2007b; Quast et al., 2012). The alpha (within-sample) diversity 
was estimated by Shannon and Simpson indices in QIIME. Furthermore, 
based on the relative abundance matrix, linear discriminant analysis 
effect size analysis (LEfSe) was conducted in LEfSe software to indicate 
the between-sample differences with regard to the most differentially 
abundant taxa, with a threshold for Linear discriminant analysis (LDA) 
score set at 4. 

2.9. Statistical analysis 

All data are presented as means ± standard error (SEM), unless 
otherwise stated specifically in the figure legend. The differences 

Table 2 
Parameters and scoring scheme for DAI.  

Score Body weight loss (%) Stool consistency Blood in stool 

0 <1 Well-formed pellets Absence 
1 1–5 Soft still formed Trace blood 
2 6–10 Soft Mild hemoccult 
3 11–15 Very soft Obvious hemoccult 
4 >15 Watery/Diarrhea Gross bleeding  
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between groups were analyzed in GraphPad Prism 6 software (GraphPad 
Software, Inc. San Diego, CA) using non-parametric Mann–Whitney U 
test, unless otherwise specified. *p < 0.05; **p < 0.01; ***p < 0.001; 
and ****p < 0.0001. 

3. Results 

3.1. nAg did not affect disease phenotypes while nTiO2 shortened colon 
length 

We used murine model of DSS-induced colitis to mimic human 

ulcerative colitis (Fig. S1A), a type of colon inflammation afflicting 
millions of people worldwide. A direct injury to colonic cells was 
induced in mice by DSS molecules dissolved in drinking water. We first 
sought to examine the macroscopic changes that occurred over the 10- 
day experimental period. Mice that had received DSS started to lose 
weight on day 5 compared to the naïve mice. NAg-exposed mice were 
slightly heavier compared to the vehicle control on days 9 and 10, 
although no significant difference was noted between them (Fig. S1B). In 
addition, the body weight of DSS-treated alone mice (no gavage) 
dwindled significantly as opposed to naïve mice (Fig. S2A). Fig. S1C and 
Fig. S2B reveal DSS-treated mice showed significantly higher DAI values 

Fig. 1. Effect of Ag and TiO2 nanoparticles on 
histopathological changes of colon. (A) 
Representative pictures of H&E-stained colon 
tissue from each group taken at 40x magnifica-
tion are shown. Arrowheads indicate the eroded 
area of mucosal layer. (B) Scores of depth of in-
flammatory cell infiltration, hyperplasia, erosion 
and a weighted average of overall histological 
damage (inflammation: 50% weighting; hyper-
plasia and erosion: 25% weighting each) are 
shown. Data are represented as means ± SEM in 
B. Differences between the groups (N = 8/group) 
were studied by Mann–Whitney U test, *p <
0.05.   
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compared to the naïve mice. There was no statistically significant dif-
ference between nAg- or nTiO2-fed mice versus the vehicle control 
(Fig. S1C). Colon shortening is another macroscopic feature that prevails 
in DSS-induced colitis mice model. DSS-treated mice had significantly 
shorter colon than the naïve mice (Fig. S1D and Fig. S2C). While nAg did 
not change colon length, nTiO2 further shortened the colon compared to 
vehicle treatment (Fig. S1D). 

3.2. Histological hallmarks altered by nAg or nTiO2 in colitis mice 

We next sought to evaluate the potential differences in histological 
manifestations of inflamed colon tissue with or without the exposure to 
nAg or nTiO2. DSS treatment significantly damaged the normal colon 

histology (Fig. S2D). Representative H&E-stained colon pictures from 
vehicle, nAg- or nTiO2-exposed mice are provided in Fig. 1A. The score 
on inflammatory cell infiltration was greater in nTiO2 group compared 
to the vehicle group, indicating a deeper degree of penetration of im-
mune cells reaching the colon muscularis layer (Fig. 1B). Epithelial 
hyperplasia was also more severe in mice exposed to nTiO2 (Fig. 1B). On 
the other hand, nAg treatment reduced the area of eroded colon 
compared to the vehicle (Fig. 1B). Overall, ingestion of nTiO2 induced 
greater damages to the mouse colon based on the histological evaluation 
while nAg did not cause significant harm (Fig. 1B). 

Fig. 2. Differentially expressed genes (DEGs). Principal component analysis (PCA) of TMM-normalized gene expression of ENM-exposed and control gut 
samples. (A) Ag or TiO2 in vehicle induced varying numbers of differentially expressed genes (DEGs, P < 0.05 and FC>|1.25|) in the mouse colon at day 10 (N = 8/ 
group). Total number of DEGs, and up- and downregulated DEGs are shown. (B) PCA shows the clustering of the samples of DSS-Vehicle (grey filled squares), TiO2 
(red circles) and Ag (blue circles). Principal components are based on the 327 DEGs, and components 1 and 2 are shown. The biological processes of Ag-induced 
downregulated DEGs (C) and upregulated DEGs (D), and TiO2-induced downregulated DEGs (E) and upregulated DEGs (F) on Panther gene ontology database 
and associated negative log-transformed p-values with Benjamini-Hochberg correction for multiple testing are shown. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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3.3. nAg held a greater potential in triggering changes in colonic 
transcriptome 

To identify the nAg- or nTiO2-driven transcriptional changes, we 
studied genome-wide gene expression from mouse colon by next- 
generation sequencing after 10-day consecutive oral exposure. It was 
shown that total 327 differentially expressed genes (DEGs) were induced 
by nAg or nTiO2 particles compared to the vehicle treatment. Ingestion 
of nAg elicited more alterations in gene expression pattern than nTiO2, 
inducing 319 DEGs. In stark contrast, only 49 DEGs were triggered as a 

consequence of nTiO2 exposure (Fig. 2A). DEG analysis also reveals that 
DSS-treated mice had 1393 DEGs in total (where 1334 DEGs were 
unique) compared to the naïve mice (Figs. S3A–B), verifying the distinct 
gene expression pattern induced by DSS treatment. In PCA analysis 
based on total 327 DEGs, the three distinct clusters also indicate dif-
ferences in gene expression pattern between the different treatments 
(Fig. 2B). The identified DEGs for each comparison were matched with 
their significantly associated GO biological processes in PANTHER (Mi 
et al., 2017). DSS treatment alone compared to the naïve condition 
caused significant perturbations in cell metabolism and biological 

Fig. 3. Differential gene expression anal-
ysis. (A) Hierarchical clustering of Z-score 
normalized log2-transformed intensity 
values of the top 23 DEGs (ANOVA-positive 
at p ≤ 0.05) at day 10 using Perseus software 
tool is shown. (B) Venn diagram shows the 
number of DEGs (post hoc adj. p < 0.05, 
linear FC>|1.25|) in colon of nanoparticle- 
treated mice (50 and 500 mg/kg for Ag 
and TiO2 respectively, N = 8/group). Dis-
eases and Functions (cancer excluded) that 
were specifically enriched by DEGs from (C) 
Ag, (D) TiO2 exposure, and (E) commonly 
enriched by shared DEGs between Ag and 
TiO2 when compared with vehicle control, 
and associated Benjamini-Hochberg cor-
rected –log p-values are shown in a bar 
graph.   
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regulation processes, likely mediated via MAPK signalling pathway 
(Fig. S3C). Gene enrichment analysis reveals that DEGs of nAg led to 
more significantly enriched biological processes while the smaller 
number of nTiO2-associated DEGs enriched much fewer events 
(Fig. 2C–F). Metabolism of RNA, cellular nitrogen compounds, and 
mRNA processing activities were highly enriched by nAg-induced 
downregulated DEGs (Fig. 2C). Additionally, nAg induced upregula-
tion of DEGs that participated in lipid catabolism processes. To a lesser 
extent, nAg-associated DEGs also enriched events of apoptotic and I-κB 
kinase/NF-κB signaling (Fig. 2D). NTiO2 exposure, on the other hand, 
most significantly downregulated DEGs related to protein folding pro-
cesses (Fig. 2E–F). 

3.4. Modulatory effects of ingested nAg or nTiO2 on biological functions 

In line with the PCA analysis, hierarchical clustering shows that nAg 
and nTiO2 altered colonic transcriptome in colitis mice (Fig. 3A). To 
shed more light on the biological significance of treatment-specific 
DEGs, we conducted Venn analysis to investigate the exclusive sets of 
DEGs in comparisons between each nanoparticle-treated group against 

the vehicle control, and the shared set of DEGs. The largest number of 
DEGs (278) was shown to be specific to nAg-treated mice, contributing 
to 85% of total DEGs. On the contrary, nTiO2 did not trigger major 
specific changes at the transcriptional level, inducing only 8 (2.4%) 
exclusive DEGs. In addition, 41 DEGs (12.5%) were shared between 
responses induced by the two types of nanoparticles compared to the 
vehicle mice (Fig. 3B). Next, we assessed the biological implications of 
both exclusive and common sets of DEGs by Disease or Function analysis 
in IPA. Exposure to nAg led to DEGs that contributed to processing and 
splicing of mRNA and RNA, apoptosis, infection of cells and transcrip-
tion (Fig. 3C). For TiO2-specific DEGs, they were mainly associated with 
protein folding and biosynthesis of phosphatidylinositol 3-phosphate 
(Fig. 3D). The shared set of DEGs slightly enriched responses such as 
cell death, apoptosis, and catabolism of RNA (Fig. 3E). 

3.5. nAg and nTiO2 perturbed the composition of gut microbiota in colitis 
mice 

In addition to the transcriptional changes, 16S rRNA sequencing of 
fecal samples was conducted to examine whether oral exposure to nAg 

Fig. 4. Ag and TiO2 nanoparticles altered the composition of gut microbiota. Fecal pellets collected on day 10 were analyzed for gut microbiome by 16S rRNA 
sequencing. (A–B) α-diversity is shown by Simpson and Shannon indices, and (C) relative abundance of total ten OTUs in stool samples is shown after different 
treatments. Phylum-level taxonomies are presented as a percentage of total sequences. (D) Firmicutes to Bacteroidetes (F/B) ratio of the gut microbiota is based on 
relative abundance. Data in A, B and D represent min, mean, max. Differences between the groups (N = 8/group) were studied by Mann–Whitney U test, *p < 0.05. 
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or nTiO2 modulated the composition of gut microbiota in DSS-colitis 
mice. Fig. 4A–B indicate the α-diversity of different groups measured 
by Simpson and Shannon indices respectively. Mice administered with 
nTiO2 showed a significantly lower Simpson index compared to vehicle 
control (Fig. 4A). A similar observation was also seen in Shannon index, 
although not reaching statistical significance (Fig. 4B). Further analysis 
at the phylum level showed that both nAg and nTiO2 treatments notably 
modified the gut microbial profiles, compared with the vehicle control. 
Particularly, nAg was able to enhance the abundance of Bacteroidetes 
and Proteobacteria while nTiO2 boosted the growth of Verrucomicrobia 
and Melainabacteria (Fig. 4C). Furthermore, the Firmicutes to Bacter-
oidetes (F/B) ratio in mice treated with nAg was significantly lower than 
the vehicle control, while this ratio was the highest in healthy mice 
(Fig. 4D). 

Next, heat map analysis was conducted to reveal compositional dif-
ferences induced by oral intakes of nAg or nTiO2 in DSS-colitis mice at 
the genus level (Fig. 5A). It was clear that naïve mice had a distinct 
profile of gut flora from the other DSS-treated groups. For example, the 
abundance of Bifidobacterium was more abundant in naïve mice. A 
number of particle-specific alterations in the relative abundance of gut 

microbiota were seen at the genus level. Bacteroides, Enterococcus and 
genus from Enterobacteriaceae were increased in nAg-treated mice. 
Populations of Romboutsia, Turicibacter, Akkermansia and genus from 
Ruminococcaceae were seen enriched after nTiO2 exposure (Fig. 5A). A 
Cladogram after LEfSe analysis demonstrates that the populations of the 
class Gammaproteobacteria, the order Enterobacteriales and the family 
Enterobacteriaceae (all belonging to the phylum Proteobacteria) were 
enhanced distinctively in nAg-fed mice when compared with vehicle- 
and nTiO2-dosed mice. On the other hand, a pronounced increase in 
abundance of bacteria from the phylum Verrucomicrobia was noticed in 
nTiO2-treated mice (Fig. 5B). 

3.6. Nanoparticles increased colonic mucus and Akkermansia 
muciniphila 

The relative population of Akkermansia spp. was elevated in DSS- 
treated mice when compared to the naïve mice (Fig. 6A). Both nAg 
and nTiO2 mice showed higher relative abundance of Akkermansia 
muciniphila than the vehicle mice (Fig. 6B). The genus Akkermansia has 
been associated with maintaining colonic mucus homeostasis and 

Fig. 5. OTU distribution and clustering of Ag and TiO2 treated mice. (A) Heatmap of genus-level taxonomic annotation shows the 35 most abundant OTUs 
among all samples based on relative abundance. The relative values are Z-score normalized and color-coded. Each row represents a genus, and each column rep-
resents a treatment group (N = 8/group). Red indicates higher relative abundance. Blue indicates lower relative abundance. (B) Cladograms show the most sig-
nificant differentially abundant taxa among comparisons with vehicle, Ag and TiO2 groups in LEfSe analysis. Purple, red, green, and blue colored nodes represent the 
most differentially abundant bacteria in naïve, vehicle-, nAg-, and nTiO2-treated mice respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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barrier function (Everard et al., 2013). We found that the amount of 
acidic mucosubstances was increased in colon after nAg and nTiO2 
treatment (Fig. 6C). In addition, the total colonic mucosubstances in 
nanoparticle-fed mice was significantly higher than the vehicle mice, 
especially after oral exposure to nTiO2 (Fig. 6C). 

4. Discussion 

The rapid development of nanotechnology has fueled a significant 
rise in innovations of nanoparticle-based products in the food and 
household commodity industries, increasing the chance of human oral 
exposure to them. Characterization of potential toxicities posed by 
different nanoparticles in individuals under different health conditions 

is needed to ensure their safety for all consumers. Since the local effect 
induced by ingested nAg and nTiO2 under an inflammatory condition is 
not yet completely understood, we sought to investigate the potential 
toxic or biological effect elicited by these two popular types of metallic 
nanoparticles in the mouse model of DSS-induced acute colitis. Previous 
studies have assessed the effect of nAg- or nTiO2-containing food addi-
tives, E174 and E171 respectively (Cao et al., 2020; Bettini et al., 2017; 
EFSA Panel on Food Additives, 2016; Talamini et al., 2019). We did not 
study these food additives that contain a wide range of particles of 
different sizes, but instead our aim was to examine the effect of 
well-characterized model nanoparticles to provide a specific account of 
their bioactivity in vivo and facilitate the comparability to other studies 
with particles of similar physicochemical properties. We adopted oral 

Fig. 6. Relative abundance of Akkermansia muciniphila and colonic mucus. (A) Relative abundance of Akkermansia spp. in stool of naïve mice, DSS treated mice 
(DSS) and DSS + Vehicle treated mice (DSS + Veh) is shown. (B) Akkermansia muciniphilia is highly present in Ag, and especially, in TiO2 group. (C) Representative 
pictures of PAS-AB-stained colon tissue from each group taken at 40x magnification are shown. Blue stain represents acidic mucosubstances while the sum of blue, 
magenta, and purple stains represents total mucosubstances. The area of acidic and total mucus is shown as stain density via ImageJ. Differences between the groups 
(N = 8/group) were studied by Mann–Whitney U test. Data in A and B represent mean ± SEM, and in C represent min, mean and max, *p < 0.05, **p < 0.01, ***p <
0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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gavage as the ingestion route of nAg or nTiO2 particles in mice. It may 
not fully mimic oral exposure in real life, and it bypasses the short 
digestion or incubation of these particles in the oral cavity. Srinivasan 
et al. revealed distinct protein corona composition profiles upon inter-
action between saliva protein and nAg or nTiO2 (Srinivasan et al., 2020). 
Contrarily, an in vitro study reported that nAg exhibited great stability in 
human saliva, with the majority of particles remaining intact and 
chemically inert after a 24-h incubation (Ngamchuea et al., 2018). 
Nonetheless, it remains possible that saliva fluid may modify the phys-
icochemical properties (e.g. surface charge, size and dissolution) of 
these particles and consequently affect their fate along the gastrointes-
tinal tract (Pinďáková et al., 2017; Walczak et al., 2012). 

In our colitis model, nTiO2 shortened colon length and deepened 
infiltration of inflammatory cells, whereas nAg reduced the erosion on 
the colonic epithelium. Ruiz et al. also showed shortened colon length 
and worsened histology after 7-day nTiO2 oral gavage in the same acute 
DSS-colitis model (Ruiz et al., 2017), and Mu et al. showed that nTiO2 
aggravated the phenotypes of chronic colitis mice, such as reducing 
body weight and shortening colon length after three-month exposure to 
nTiO2 (Mu et al., 2019). NLRP3 inflammasome activation has been 
suggested as one of the possible mechanisms for the pro-inflammatory 
effect by nTiO2 (Ruiz et al., 2017). Additionally, gut microbiota dys-
biosis induced by nTiO2 has been demonstrated in other studies where 
alterations at compositional or functional level were associated with 
development of colonic inflammation (Cao et al., 2020; Mu et al., 2019). 
The possible mechanisms for nTiO2-induced toxicity involve induction 
of oxidative stress and DNA damage and activation of inflammatory 
responses (Gui et al., 2011; Ze et al., 2013; Long et al., 2006). On the 
other hand, a recent study reported that nTiO2 ameliorated colitis 
symptoms in a trinitrobenzenesulfonic acid (TNBS)-induced acute colitis 
model (Gao et al., 2021). TNBS model resembles Crohn’s disease, 
another subtype of IBD, which is mediated by T-cell responses and 
Th1-type cytokine secretion (Neurath et al., 1995). In contrast, the 
DSS-colitis model we used mimics ulcerative colitis, where the uncon-
trolled immune response is mainly driven by innate immunity such as 
substantial neutrophil infiltration (Chassaing et al., 2014). The differ-
ences in pathomechanism of two different disease models may explain 
the variations in results. However, our studies suggest that ingestion of 
nTiO2 may worsen existing intestinal inflammation. 

After exposure to nAg, we did not see major macroscopic changes in 
our DSS-colitis model, except for ameliorated epithelial erosion when 
compared to the vehicle mice. The role of nAg in relation to induction of 
pro-inflammatory or anti-inflammatory responses is still unclear at this 
point. Siczek et al. and Krajewska et al. demonstrated that intracolonic 
administration of nano-scale Ag exerted anti-inflammatory effects and 
reduced disease severity in DSS-induced colitis in mice (Siczek et al., 
2017; Krajewska et al., 2020). Our current results are insufficient to 
suggest whether nAg could overall ameliorate colitis symptoms. The 
potential anti-inflammatory effect following the exposure to nAg might 
be mediated by gut microbiome alterations, such as by increasing 
number of probiotic Lactobacillus spp. (Siczek et al., 2017) Additionally, 
Yang et al. showed a protective action of nAg on the outcome of rheu-
matoid arthritis that was associated with induction of M2 macrophage 
polarization and M1 macrophage apoptosis by the released Ag ions 
(Yang et al., 2021). On the contrary, Chen et al. demonstrated that oral 
exposure to nAg induced colitis-like histological damages to the colon of 
naïve mice (Chen et al., 2017). Multiple potential mechanisms under-
lying the immunotoxicity induced by nAg has been reported by others, 
such as through disruption of tight junction proteins(Chen et al., 2017; 
Williams et al., 2016), generation of oxidative stress (Paino and Zuco-
lotto, 2015; Jia et al., 2020), and activation of transcription factors 
(Nrf-2 and NF-κB) (Polet et al., 2020; Böhmert et al., 2015). Taken 
together, more research is still warranted to conclude the nature of the 
context-dependent potential of immunotoxicological effects posed by 
nAg, due to the differences in physicochemical properties and doses of 
nanoparticles used in different experiments, and variations in 

experimental setups. 
In addition to the histological changes, we sought to investigate the 

local transcriptomic alterations induced by nAg or nTiO2. The PCA 
analysis and hierarchical clustering of DEGs indicate that nAg, 
compared to nTiO2, had a greater ability in triggering changes in gene 
expression pattern of colitis mice. This finding is in line with our pre-
vious in vitro study using the same particles and showing that nAg, but 
not nTiO2, could induce significant transcriptional modifications in 
macrophages (differentiated THP-1 cells) (Poon et al., 2017). In our 
DSS-colitis model, the nAg-impacted colonic transcriptome was pre-
dominantly characterized by downregulated DEGs related to mRNA 
metabolism and processing. This marked modulation of mRNA mole-
cules and their activities may be an adaptive response to Ag nano-
particles. Dissolved Ag ions could be a source of abiotic stress, leading to 
suppression of mRNA maturation and the subsequent translation pro-
cesses. We also found that nAg ingestion may change the regulation of 
apoptotic cell death. A number of in vitro studies in assorted cell lines 
have demonstrated the induction of apoptosis by nAg (Sanpui et al., 
2011; Tang et al., 2019; Kim et al., 2014; Xiao et al., 2019). Various 
mechanisms of Ag-induced apoptosis have been postulated, such as 
ROS-induced cellular membrane damage(Quevedo et al., 2021), mito-
chondrial permeabilization (Su et al., 2019), and increased production 
of intracellular ROS (Sanpui et al., 2011). In addition, our study shows 
that lipid catabolism was associated with nAg ingestion in DSS-colitis 
mice, implying a potential role of nAg in regulation of cellular lipid 
metabolism. 

Gut microbiome has been identified as a key player that has profound 
impacts on host intestinal and extraintestinal health including IBD(Ni 
et al., 2017), and several studies have demonstrated that different Ag 
and TiO2 nanoparticles are able to alter the gut microbiota profiles in 
different animal models (Van Den Brûle et al., 2015; Pinget et al., 2019; 
Wilding et al., 2016; Cho et al., 2013; Li et al., 2018; Mao et al., 2019). In 
our studies, we saw that nTiO2 decreased the α-diversity and increased 
Verrucomicrobia, while nAg led to a lowered F/B ratio of gut microbiota 
likely due to a decreased amount of Firmicutes. A decreased F/B ratio 
has been suggested to contribute to inflammation in the gut (Stojanov 
et al., 2020). Our 16S-sequencing data suggest that ingestion of nAg may 
enhance the pro-inflammatory state in colitis mice. On the contrary, 
some other studies have shown that nAg increased F/B ratio in healthy 
mice and rats (Van Den Brûle et al., 2015; Javurek et al., 2017). These 
findings suggest that nAg given under different contexts may produce 
different effects on gut microbiota composition. 

We observed that some alterations in gut microbiota composition 
were particle-specific. In our study, nAg-treated mice showed an 
increased proportion of Proteobacteria phylum, Gammaproteobacteria 
class in Enterobacteriaceae family. Another study also reported that 
Enterobacteriaceae family-specific bacterial gene expression was elevated 
after consumption of nAg (Williams et al., 2015). An expansion of Pro-
teobacteria has been considered as a pathogenic “microbial signature” 
that fuels inflammatory disease development (Frank et al., 2007; Shin 
et al., 2015; Selvanantham et al., 2016; Maharshak et al., 2013; Sartor, 
2008; Carvalho et al., 2012). A bloom in Enterobacteriaceae family may 
be a consequence of excess nitrates produced during inflammation that 
serve as substrates supporting the growth of these bacteria(Winter et al., 
2013), thereby being a positive marker of colitis disease severity (de 
Bruyn et al., 2018; Håkansson et al., 2015). Our data imply that nAg 
potentiated gut dysbiosis in colitis mice, and it may worsen colon 
inflammation if such dysbiosis persists. Within the Melainabacteria 
phylum, Romboutsia and Turicibacter genera were increased by nTiO2 
exposure in our study. Their abundances were also seen enhanced in 
other colitis or colitis-associated colorectal cancer studies(de Bruyn 
et al., 2018; Pei et al., 2019; Dou et al., 2020; Wu et al., 2016, 2019; 
Munyaka et al., 2016), although their biological roles in human health 
are not yet fully understood. Given the shortened colon and deeper 
inflammation induced by nTiO2 in our study, increases in Romboutsia 
and Turicibacter species may be potential indicators of enhanced 
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inflammation in the gut. 
We found that both nAg and nTiO2 particles enhanced the amount of 

total and acidic mucosubstances in the colon. Jeong et al. and Dorier 
et al. reported that oral administration of nAg and nTiO2 promoted the 
mucus secretion in the gut of healthy rats and Caco-2/HT29-MTX in-
testinal cells respectively (Jeong et al., 2010; Dorier et al., 2019). Mucus 
layer in the colon forms a critical physical barrier for host defense 
against food-associated and microbial antigens. Our data show that nAg 
and nTiO2 are potential stimuli that enhance intestinal mucus produc-
tion. Furthermore, we noted that the increased level of mucus was 
positively correlated with an increased proportion of Akkermansia 
muciniphila, one of the most studied mucus-inhabiting genus that at-
taches to mucus and uses it as an energy source when food-derived 
carbohydrates are in short supply (Johansson et al., 2011; Hansson, 
2020). We observed that DSS treatment led to an enhanced load of 
Akkermansia spp. in stool when compared to the naïve mice, suggesting a 
positive association between Akkermansia spp. and development of co-
litis. In addition, we showed that nAg and nTiO2 exposure in addition to 
DSS further produced an increase in Akkermansia muciniphila. Similarly, 
a significant enrichment of Akkermansia muciniphila has been docu-
mented in acute DSS models and patients with colorectal cancer and 
cholecystitis in other studies (Håkansson et al., 2015; Sasso et al., 2020; 
Zhang et al., 2016; Borton et al., 2017; Weir et al., 2013; Liu et al., 
2015). We suggest that Akkermansia muciniphila bloom may be an 
adaptive response to colon inflammation or promote the development of 
colitis. 

In this study, we chose a disease model to examine the modulating 
effect caused by nAg and nTiO2 in gut microbiota under an inflamma-
tory condition, which sought to examine the potential nanoparticle- 
induced harms in people suffering from IBD. Nonetheless, data on 
nanoparticles-induced microbial changes in healthy mice are still 
needed to reveal their impact on the healthy population. Although the 
doses used in this study can reflect the higher intake of nAg and nTiO2 
from people having a biased diet (e.g. habitual eaters of candies or coffer 
creamers), they may be an over-estimation when individuals follow the 
health recommendations of eating diverse food types. The selection of 
test doses for nanoparticle toxicity evaluation is often a compromise 
since the actual and most updated exposure levels are not fully known. 
Nonetheless, different doses are needed to facilitate interpretation of 
assay results for the heterogenous population. Future studies with 
multiple doses, longer and chronic exposure period, and several time 
points need to be considered to investigate the long-term toxicities and 
other influences caused by these nanoparticles at varied doses on the gut 
microbiota and gut immunity. 

To conclude, we reported here the biological effect of oral exposure 
to nAg or nTiO2 in the context of DSS-induced colitis in mice, supported 
by data generated from RNA sequencing and 16S sequencing. We found 
that nAg and nTiO2 induce dissimilar immunotoxicological changes at 
the molecular and microbiome level. Our results show that nAg and 
nTiO2 caused varied degrees of gut transcriptomic and microbiome al-
terations under an inflammatory condition. NAg significantly affected 
mRNA metabolism/processing and apoptosis in the colon. It also 
induced gut dysbiosis that might promote inflammation. NTiO2 induced 
mild transcriptional changes. The local damaging effect caused by nTiO2 
might be associated with increases in Romboutsia and Turicibacter spe-
cies. Notably, both particles stimulated the production of mucus in the 
colon and the growth of potentially pro-inflammatory Akkermansia 
muciniphila. Our findings provide evidence for regulatory authorities, 
policy makers, and the general public to keep in mind the cautionary use 
of nAg- and nTiO2-containing food products. 
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