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d Nutrition and Bromatology Group, Analytical and Food Chemistry Department, Faculty of Food Science and Technology, Univesidade de Vigo, Ourense Campus, 32004 
Ourense, Spain   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ag and ZnO increased relative E. coli 
and B.vulgatus abundance and proteo
lytic activity. 

• Low concentrations of TiO2 and Ag, 
increased relative E. coli abundance and 
proteolytic activity. 

• Low concentrations of TiO2 reduced 
B. longum relative abundance. 

• TiO2 treatment manifested a pro- 
inflammatory reaction. 

• Low concentration of Ag and ZnO had a 
pronounced impact on microbiome and 
metabolome.  
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A B S T R A C T   

Metallic nanoparticles (MNPs) are becoming widespread environmental contaminants. They are currently added 
to several food preparations and cause a fast-growing concern for human health. The present work aims to assess 
the impact of zinc oxide (ZnO), titanium dioxide (TiO2), and silver (Ag) nanoparticles (NPs) on the human gut 
metabolome and microbiome. Water samples spiked with two different concentrations of each MNPs were 
subjected to in-vitro gastrointestinal digestion and in-vitro large intestine fermentation. The effects of the treat
ments were determined through 16 S amplicon sequencing and untargeted metabolomics. Multi-omics data 
integration was then applied to correlate the two datasets. MNPs treatments modulated the microbial genera 
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Bifidobacterium, Sutterella, Escherichia and Bacteroides. The treatments, especially the lower concentrations of Ag 
and ZnO, caused modulation of indole derivatives, peptides, and metabolites related to protein metabolism in the 
large intestine. Notably, these metabolites are implicated in ulcerative colitis and inflammatory bowel disease. 
TiO2 NPs treatment in all concentrations increased E.coli relative abundance and decreased the abundance of 
B. longum. Moreover, for TiO2, an enrichment in proinflammatory lipid mediators of arachidonic acid metabo
lites, such as prostaglandin E2 and leukotrienes B4, was detected. For all metals except TiO2, low NP concen
trations promoted differentiated profiles, thus suggesting that MNPs aggregation can limit adverse effects on 
living cells.   

1. Introduction 

Human exposure to metal nanoparticles (MNPs) can derive from 
multiple sources such as pharmaceuticals, medicine, electronics, and the 
textile industry. At the end of their life cycle, MNPs can accumulate in 
the environment, thus posing a severe environmental threat. A wide 
range of studies has shown that metal oxide nanoparticles (NPs) can also 
cause toxic effects on plants, algae, bacteria, fish, and mammalian cells 
[67]. The consequences of the wide usage and disposal of NPs can 
already be observed in aquatic environments, and processes of MNP 
bioaccumulation have been studied in seafood products [25–27]. Tita
nium dioxide (TiO2), silver (Ag), and zinc oxide (ZnO) MNPs are among 
the most common nano-metals commercially used in the food industry 
and are now increasingly used as a nano drug delivery system, especially 
in combination with antibiotic treatments, to reduce the risk of micro
bial resistance [30]. One of the major sources of human intake as well as 
a recent cause of concern for public health is the introduction of NPs 
through the oral route. Commercial TiO2 (E171) is a mixture of 
different-sized particles, of which approximately 50% are < 100 nm in 
diameter. TiO2 is directly added to many foods, such as bakery wares, 
soups, broths, and sauces, as a colorant and biocidal. The daily TiO2 NP 
exposure in Europe has been estimated to be 1.9–11.5 mg/kg body 
weight (BW) for toddlers and 0.9–12.8 mg/kg BW for children [70]. 
However, the real exposure could be much greater due to the increased 
use of NPs as additives in food packaging and their presence in the 
environment. On May 6th, 2021, the European Food Safety Authority 
(EFSA) safety assessment reported that TiO2 could no longer be regarded 
as a safe food additive [70] due to a concern about genotoxicity. 
Consequently, a ban on TiO2 as a food additive in the EU was approved 
by state members. However, TiO2 is still commonly used in many 
countries as a food additive, and food packaging systems currently uti
lize this nanomaterial [23]. Ag (E174) is mainly used in the food in
dustry as a colorant and antimicrobial. In commercial nanoparticular 
form, 97% of the particles have a < 100 nm diameter, and most are < 40 
nm in diameter [17]. Ag NPs are present in some commercial products, 
either as part of food packaging materials or as an ingredient in foods, 
particularly dietary supplements, breath-freshening microsweets, and 
bakery goods. Population groups with the highest exposure to Ag are 
children and adolescents with a medium intake ranging from 0.10 to 2.6 
mg/kg BW [59]. ZnO is listed as a generally recognized safe ingredient 
by the Food and Drug Administration, and its NPs are frequently used in 
antimicrobial food packaging. The average particle size of ZnO powder 
in nanoform is between 30 nm and 60 nm, and 1% of the particles are 
smaller than 30 nm. EFSA has assessed exposure levels for ZnO as < 25 
mg [57]. 

MNPs can be transferred from packaging materials to food, resulting 
in direct oral human exposure [71,72]. Depending on the characteristics 
of the plastic polymer harboring the nanometals, the nature of the NPs, 
and the physical characteristics of the food product being conserved, the 
efficiency of NP migration can be affected. For example, a low pH in the 
food matrix enhances Ag NP migration from a package to the food 
matrix [1]. Concerning their fate in the human body, nanometals exert 
an effect through their derived ions, which are released when nano
metals are dissolved in an aqueous medium or as a direct consequence of 
their physical structure [67]. MNPs have also been observed to modify 

gastrointestinal tract (GIT) homeostasis, as they negatively impact 
mucus-producing goblets and other intestinal epithelial cells [28]. 
Furthermore, the stability, aggregation, and physical characteristics of 
MNPs are influenced by interactions with the GIT: this has been 
observed for peristalsis, pH, gastric enzymes, food composition, 
endogenous biochemicals, and commensal microbes [8]. Moreover, the 
effect of prolonged exposure to MNPs has been researched regarding 
inflammatory bowel disease (IBD), coeliac disease (CD) and ulcerative 
colitis (UC), and this research suggest that there is a possibility that these 
NPs exacerbate or even trigger the symptoms of these diseases [39,41]. 
Coeliac disorder patients have also shown an altered gut microbiome 
before disease progression [49], which implies that the gut microbiome 
has a direct effect on the pathogenesis of CD. 

The present work aimed to assess the impact of three different MNPs: 
ZnO, TiO2 and Ag by monitoring both gut metabolome and microbiome 
after an in-vitro human digestion procedure, thus further clarifying the 
effects of these compounds on the GIT. The digestion was carried out 
using different gastrointestinal fluids simulators. Subsequently, an in- 
vitro large intestine fermentation was performed using feces obtained by 
pooling equal amounts of human fecal samples. Given the limited 
knowledge available, high-throughput sequencing and metabolomics 
were chosen to profile bacterial communities and metabolites after large 
intestine fermentation according to a hypothesis-free untargeted 
approach. Moreover, the datasets obtained from metabolomics and 16 S 
amplicon sequencing analysis were subsequently integrated to perform a 
multi-omics data fusion interpretation aimed at comprehensively 
unraveling the effect of nanomaterials on digestion processes. 

2. Materials and methods 

2.1. Sample preparation and in-vitro digestion and fermentation 

Water samples were spiked with two different concentrations 
(Table 1) of each of the three MNPs and subjected to in-vitro digestion. 
Spiking was done from Ag-NPs standard (PELCO® 40 nm, Citrate, 
NanoXactTM, Ted Pella Inc.), TiO2-NPs standard (TiO2 Nano Powder 60 
nm, Rutile, 99.9%, AEM) and ZnO-NPs standard (ZnO-NPs nano powder 
30 nm, AEM®, purity 98.8%, Changsha, Hunan, China), purchased from 
Nanovision (Brugherio, MB, Italy). The low concentration, which was 
based on the average MNPs concentration previously quantified in 
seafood products, was used to estimate the effects of actual concentra
tions that naturally occur in foods [25–27], while the high concentration 
was chosen to investigate the effect of a large level of exposure on the 
gut microbiome and metabolic profile. 

Table 1 
Table reporting added nanoparticles, and their size and concentration measured 
with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) after spiking.  

Particle Diameter of the 
particle (nm) 

Conc. 1 
(mg/mL) 

Part. 
mL 

Conc. 2 
(mg/mL) 

Part. 
mL 

TiO2  60  0.41 8.4 ×
105  

1.1 2.4 ×
106 

Ag  40  0.002 2.4 ×
104  

0.02 1.7 ×
105 

ZnO  30  0.001 1.3 ×
104  

0.01 1.1 ×
105  

F. Vaccari et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 453 (2023) 131331

3

All samples were subjected to an in-vitro digestion process followed 
by an in-vitro fecal fermentation to mimic the physiological processes in 
the human gut. Aqueous samples were first subjected to the standard
ized three-step static in-vitro human gastro-intestinal digestion model 
proposed by Minekus et al. [45]. The procedure is based on the 
sequential simulation of the oral, gastric, and intestinal adult digestion 
phases. During each step, the substrate was incubated for a specific time 
and subjected to key physiological conditions using simulated salivary 
fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal fluid 
(SIF) [45]. The extended protocol is described elsewhere [45]. The oral 
phase involved the SSF (1:1 w/v) with α-amylase from human saliva 
(SKU code: A1031; Sigma-Aldrich; 75 U⋅mL− 1) was kept at 37 ◦C for 2 
min. After this passage, the samples were diluted with 10 mL of SGF (pH 
3.0) containing pepsin (SKU code: P7012; Sigma-Aldrich; 2.000 
U⋅mL− 1) at 37 ◦C for 120 min. The gastric chime was then diluted with 
20 mL of SIF (pH = 7.0) containing bile salts (SKU code: B8631; 
Sigma-Aldrich; 10 mM) and pancreatin (SKU code: P7545; 
Sigma-Aldrich; 100 U⋅mL− 1 based on trypsin activity) for 120 min. 
During the in-vitro digestion, appropriate amounts of HCl (1 M) and 
NaOH (1 M) were added for pH adjustment. The in-vitro gastro-intestinal 
digestion was stopped through ice bath cooling. Afterwards, the in-vitro 
digested residues were directly subjected to an in-vitro large intestine 
fermentation, as detailed by Pérez-Burillo et al. [51]. Feces were 
collected from three healthy adults who were not treated with antibi
otics. Freshly voided fecal samples were captured after defecation, and 
the samples were immediately stored in an anaerobic jar and processed 
within 20 min of collection. The CO2-saturated fermentation medium 
contained 0.05 g mL− 1 of fresh feces obtained by pooling equal amounts 
(wet weight) of feces from each subject. Sample manipulation and in
cubation were carried out under continuous CO2 flushing (technical 
grade: 5.5; SAPIO, Monza, Italy). The fecal samples were then processed 
and incubated in glass vessels for the in-vitro fermentation step which 
lasted 20 h and was maintained at 37 ◦C under gentle oscillation as 
proposed by [51]. Samples were then immersed in ice to stop the re
actions and centrifuged at 10,000g for 12 min to remove insoluble 
particulate. Supernatants were collected and stored at − 4 ◦C for anal
ysis. An informed written consent was obtained from all subjects, and 
the study was conducted in conformity with the Helsinki Declaration. 
The Ethics Committee “Comitato Etico dell’Area Vasta Emilia Nord” 
approved the study (767/2021/TESS/AUSLPC). 

2.2. 16S amplicon sequencing and PICRUSt2 predictive analysis 

Microbiological analyses were carried out on samples after the 
anaerobic fermentation phase. Total genomic DNA was extracted using 
FastDNA™ SPIN Kit for Soil, according to the manufacturer’s protocol. 
Extracted DNA was quantified using a Quant-iTTM HS ds-DNA assay kit 
(Invitrogen, Paisley, UK) with a QuBit 2.0 fluorometer (Invitrogen, 
Paisley, UK). 

High-throughput sequencing of 16 S rDNA for bacterial communities 
was performed on both MNP-spiked and control samples. Hypervariable 
region V3-V4 of the bacterial 16 S rDNA gene was amplified by PCR to 
analyse bacterial diversity. The universal primers 343 f (5′-TACG
GRAGGCAGCAG-3′) and 802r (5′- TACNVGGGTWTCTAATCC-3′) were 
used. The reaction mix was composed of 12.5 μL of Phusion Flash High- 
Fidelity Master Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 
1.25 μL of forward and reverse primers (10 μM), 1 ng of DNA template, 
and nuclease-free water for a final volume of 25 μL. The thermal cycle 
used for the amplification was the following: initial denaturation at 
95 ◦C for 5 min, followed by 20 cycles of denaturation at 95 ◦C for 30 s, 
annealing at 50 ◦C for 30 s, an extension at 72 ◦C for 30 s and a final 
extension at 72 ◦C for 10 min. To sequence multiple samples in a single 
run a nested PCR, in which first-step products were used as a template 
for the second PCR step, was used [10]. Forward primers of the second 
PCR were indexed with a 9 nucleic acid-base extension at their 5′ as 
described by Fontana et al. [21,66]. Thermal profiles remained 

unchanged from the first step, while the number of cycles for the second 
amplifications corresponded to 10 cycles. Products from the second 
amplification step were multiplexed as a single pool using an equivalent 
molecular weight of 20 ng. To purify the pool, a solid phase reversible 
immobilization (SPRI) method (Agencourt AMPure XP kit; REF A63880, 
Beckman Coulter, Italy) was used. The sequencing process was per
formed by Novogene UK (Cambridge, UK), using the TruSeq DNA 
sample preparation kit (REF 15026486, Illumina Inc, San Diego, CA, 
USA) for amplicon library preparation. The Novaseq 6000 Illumina in
strument (Illumina Inc, San Diego, CA, USA) obtained 250 bp paired-end 
reads. Illumina barcode demultiplexing and base calling were performed 
with the MiSeq Control Software version 2.3.0.3, RTA v1.18.42.0 and 
CASAVA v1.8.2 [13]. Raw sequences were aligned with the ‘pandaseq’ 
script [5] with a minimum overlap of 30 bp between read pairs and a 
maximum of two mismatches allowed, because V3–V4 16 S rDNA 
amplicons length is less than 500 bp, requiring 300 bp paired-end reads 
to reconstruct the full region. Sequences were subsequently demulti
plexed according to sample indexes and primers by Fastx-toolkit Chi
meras, homopolymers > 10 bp, sequences outside target regions, and 
non-targeted taxa were excluded according to [13]. Operational taxo
nomic units (OTU) and taxonomy-based statistical analysis were per
formed on the sequences. OTUs and taxonomy matrixes were generated 
with Mothur V1.32.1 [58], and statistical analysis was performed with R 
(http://www.R-project.org/) supplemented with Vegan package [19]. 
Taxonomy-based analyses were performed in Mothur with a minimum 
OTU length of 120. The statistical analyses performed were hierarchical 
clustering with the average linkage algorithm at different taxonomic 
levels [42,52], principal component analysis (PCA) for unconstrained 
groups and canonical correspondence analysis (CCA) for distance-based 
redundancy analysis [21]. 

In addition, the α diversity of the samples was calculated by ana
lysing OTU- and taxonomy-based matrixes in R. To properly estimate 
any significative differences between different treatments, α diversity 
analysis based on sobs, and Observed Richness (S), on bacterial and 
fungal communities was run. Good’s coverage [24] was used to assess 
the percentage diversity that emerged from sequencing. LSD pairwise 
comparison test (α < 0.05) was used to assess significant differences. To 
identify significantly different OTUs between treatments, Metastats 
coupled to the paul FDR test for comparison of means was applied [50]. 
Analysis of variance of means (ANOVA) and Tukey’s HSD pairwise 
comparison test (α < 0.05) was performed to assess significant differ
ences between samples. After amplicon sequencing analyses, samples 
were processed via Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt2; https://github. 
com/picrust/picrust2; Version 2.5.1) to predict the putative meta
genomic profile based on OTU abundances. PICRUSt2 uses the specific 
16S-seq abundances to infer enzyme and metabolic abundances in each 
sample. The predicted functional characteristics were evaluated using 
the Kyoto Encyclopedia of Genes and Genomes database (KEGG; http:// 
www.genome.jp/kegg/). All the pathways were indicated in MetaCyc 
format [15]. The results of PICRUSt2 predictions were analyzed using 
Statistical Analyzer of Metagenomic Profiles (STAMP 2.3.1: 
https://beikolab.cs.dal.ca/software/STAMP). 

2.3. Metabolomic analysis 

The anaerobically fermented samples were centrifugated at 5000 g 
for 10 min at 4 ◦C and further filtered through 0.22 µm cellulose syringe 
filters in ultra-high-pressure liquid chromatography (UHPLC) vials 
ready for analysis. The untargeted metabolomic analysis was carried out 
through a high-resolution mass spectrometry approach (HRMS) using a 
Q Exactive™ Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer 
(Thermo Scientific, Waltham, MA, USA) coupled to a Vanquish ultra- 
high-pressure liquid chromatography (UHPLC) pump via a HESI-II 
probe (Thermo Scientific, USA), as previously described [53]. The 
chromatographic separation was performed using a Waters BEH C18 
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column (2.1 × 100 mm, 1.7 µm), applying a gradient from 6% to 94% of 
acetonitrile in 35 min, acidified with 0.1% formic acid in both phases 
(LC-MS grade, Carlo Erba Reagents S.r.l., Milan, Italy) [53]. The 
acquisition was performed using the positive ionization with a mass 
resolution of 70,000 at m/z 200, in full scan 100–1200 m/z with an 
injection volume of 6 μL. The automatic gain control target (AGC target) 
and the maximum injection time (IT) were 1e6 and 100 ms, respectively. 
Additionally, randomized injections of pooled quality control (QC) 
samples were performed in a data-dependent (Top N = 5) MS/MS mode 
with full scan mass resolution reduced to 17,500 at m/z 200, with an 
AGC target value of 1e5, maximum IT of 100 ms, and isolation window 
of 1.0 m/z, respectively. 

The raw data (. RAW files) were processed through MS-DIAL soft
ware version 4.80; [65], and the annotation was performed via spectral 
matching against the comprehensive FooDB database [53]. Compounds 
annotation was defined with a tolerance for mass accuracy of 5 ppm 
with a level 2 of confidence in annotation, typical for untargeted 
metabolomics experiments, according to Metabolomics Standards 
Initiative (MSI). Only the featuring compounds annotated at MS/MS 
level were retained for multivariate statistical analysis. The metab
olomics analysis was performed using the Agilent Mass Profile Profes
sional B.15.1 (Agilent Technologies, Stevens Creek Blvd, Santa Clara, 
CA, USA) software for annotation and filtering as previously indicated 

[54,55]. Therein, an unsupervised multivariate hierarchical cluster 
analysis (HCA) was performed to evaluate the similarities and dissimi
larities for all the treatments as a function of their metabolomic profile 
(Euclidean distance, Ward’s linkage rule). Later, a Chemical Similarity 
Enrichment Analysis for Metabolomics (ChemRICH, available at chem
rich.fiehnlab.ucdavis.edu) was performed to define the statistically 
enriched chemical composition according to the different treatments, 
compared to the control [6]. Specifically, significantly differential 
compounds reported by ANOVA analysis (p < 0.05, Bonferroni multiple 
testing correction) presenting fold change analysis > 2 (FC>2) were 
considered [6]. Finally, a supervised multivariate orthogonal projection 
to latent structures discriminant analysis (OPLS-DA) was carried out by 
the SIMCA v. 16.0.2 software (Umetrics, Malmo, Sweden), selecting 
variable importance in projection (VIP) compounds having a VIP score 
> 1.2. The OPLS supervised modeling was validated through 
CV-ANOVA (p < 0.01) and overfitting was excluded by permutation 
testing (n = 200). 

2.4. Multi-omics data integration 

The outputs obtained from metabolomics and 16 S amplicon 
sequencing analysis were centered, and natural log of that ratio was 
transformed. The integration of two datasets was carried out using the 

Fig. 1. A Hierarchical clustering of classified sequences using the average linkage algorithm according to the family classification for taxa contributing at ≥ 5% in at 
least one sample. Taxa with lower thresholds were added to the “other” sequence group. 
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DIABLO framework, a method for multi-omics classification and inte
gration, in the mixOmics R package version 6.20.0 (http://mixomics. 
org/) [56]. The assessment of the correlation structure was carried out 
at the component level for each treatment. The optimal number of 
principal components and variables selected for the analysis were 
defined using the tuning function. Specifically, the number of compo
nents that achieves the best performance was chosen based on the 
balanced error rate (BER). In contrast, the variables number was 
determined through repeated and stratified cross-validation analysis to 
compare the performance of models constructed using different ℓ1 
penalties. 

3. Results 

3.1. 16S amplicon sequencing and PICRUSt2 predictive analysis 

Taxonomical assignment showed that 99.5% of sequences were 
correctly classified at the class level, whereas 99.4%, 93.8%, and 88.4% 
were correctly classified at the order and family and genus levels, 
respectively. The percentage at the species level was low, being 57%.  
Fig. 1. shows the most abundant families: there was a 93.4% coverage 
among samples of water spiked with ZnO, TiO2, Ag and plan sterilized 
water (negative control), with a hierarchical clustering showing a 

general homogeneity among treatments and controls. A consistent 
relative abundance of families was observed at the taxonomical level 
and macroscopic level: Enterobacteriaceae, Bacteroidaceae, Lachnospir
aceae, and Ruminococcaceae. 

An OTU-based approach was performed for each NP to evaluate the 
total bacterial communities. Fig. 2. shows a Metastats model employed 
to evaluate the effect of single MNPs on the relative abundances of OTUs 
comprising 95% of the bacterial diversity. The taxonomy of the most 
abundant OTUs, which was assigned using the Ribosomal Database 
Project, reached the species level in most cases. For each OTU, treatment 
bars followed by different letters indicate a significant difference in 
relative abundance (Tukey’s test; P < 0.05). The genera Escherichia, 
Sutterella and Bacteroides were most frequently observed in both nega
tive and spiked samples. OTUs belonging to species E. coli were classified 
in all samples as the relatively most abundant. The presence of nano
metals, particularly Ag and TiO2, in the least concentrated treatments 
resulted in a significant increase of E. coli relative abundance. The Sut
terella genus was found to be significantly modulated by MNPs: in 
particular, Sutterella wadsworthensis was detected at different abun
dances in all the samples. For all three MNP treatments, the relative 
abundance of S. wadsworthensis appeared to be significantly lower in 
comparison with the control samples. The least concentrated NP treat
ments had a major impact on the number of sequences detected. The 

Fig. 2. Metastats model to assess the effect of the samples on the relative abundances of OTUs comprising 95% of the bacterial diversity divided by the three 
nanoparticle aqueous samples, from the left: Ag, Ti and Zn. Bars indicate the relative abundance of each OTU for control, low concentrated (labeled with number 1) 
and high concentrated (labeled with number 2). OTUs showing significant differences between treatments, according to the false discovery rate correction are 
highlighted with letters. 
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relative abundance of Sutterella stercoricanis decreased following Ag and 
TiO2 NPs treatments (Fig. 2). Moreover, MNPs presence was correlated 
to the modulation of other genera such as Bacteroides, Roseburia, Bifi
dobacterium, Fecalibacterium, Blautia and Alisteps. As shown in Fig. 2, 
both Ag treatments increased Blautia luti, while Bacteroides vulgatus 
relative abundance was significantly high for the low-concentration ZnO 
treatment. Both concentrations of TiO2 significantly reduced the relative 
abundance of Bifidobacterium longum. 

Fig. 3 shows the results for the bacterial α-diversity of samples. The 
plot shows that two treatments promoted a statistically significant 
decrease in bacterial diversity compared to the control: the higher TiO2 
concentration (Ti_dioxide_Conc1) and the lower ZnO concentration 
(Zn_oxide_Conc2). The treatments Ag MNPs Conc1 and TiO2 concen
tration 1 promoted a low diversity, despite being non-statistically 
different from the control. PICRUSt2 pathway prediction revealed sig
nificant differences between controls and specific treatments. Signifi
cantly modulated pathways were plotted as heat map and bar plots and 
are included in the supplementary materials (images Sup.1 and Sup.2). 
The major effect measured on specific pathways was due to Ag and TiO2 
at low concentration and TiO2 at a high concentration. In Ag at low 
concentrations, significant pathways were linked to an increased 
abundance of E.coli. In addition, phenolic compound degradation 
(HCAMHPDEG-PWY, PWY-6690), E.coli lipid biosynthesis (KDO- 
NAGLIPASYN-PWY), and threonine degradation (THREOCAT-PWY) 
were found to be positively modulated by the treatment. TiO2 in low 
concentrations caused a broad modulation of several pathways, 
including a specific pathway for menaquinones synthesis (PWY-6263) 
that could be linked to an increased abundance of E.coli. Moreover, TiO2 
predicted pathways resulted in several modulations related to arginine 
degradation (AST-PWY), enterobacterial common antigens (ECASYN- 
PWY) and ppGpp biosynthesis (PPGPPMET-PWY). 

3.2. Metabolomic analysis 

The untargeted metabolomics profiling of in-vitro digested water 
samples spiked with MNPs allowed the detection of 689 MS/MS me
tabolites (supplementary Table S1). The effect of MNPs on gut metab
olome was first naively evaluated by an unsupervised multivariate HCA, 
as shown in Fig. 4. The HCA revealed MNPs had a significant effect on 
gut metabolic profiling, depending on their concentrations. Two 
different clusters were generated by the HCA, showing a clear metab
olome similarity between Ag and ZnO at high concentrations and the 
control samples (first cluster), whereas all the lowest levels of MNPs 

exhibited a differentiated profile (second cluster). The main differences 
reported in HCA were investigated through fold change analysis ob
tained through a pairwise comparison between the MNPs treated and 
control samples (Supplementary Table S2). The gut metabolism after 
MNPs treatments showed a robust modulation of several compounds 
that were mainly related to the metabolisms of proteins, fatty acids, and 
polysaccharides. Furthermore, a general up-modulation of cholic and 
bile acids and a down-modulation of uric acids were reported in the gut 
environment after MNPs exposure. As indicated in Supplementary 
Table S2, the treatments with low concentrations of ZnO and Ag NPs 
produced an up-modulation of protein-driven metabolites, such as 
peptides and free amino acids. Among these protein-driven metabolites, 
the detection of metabolites derived from the catabolism of basic and 
aromatic amino acids, such as compounds containing indole, poly
amines, and histamines, has attracted greater attention. Fatty acids 
metabolism was also affected by MNPs treatments. Both concentrations 
of TiO2 NPs caused a general down-accumulation of fatty acids 
compared to Ag and ZnO NPs. However, in all treatments a highly up 
modulation of leukotriene B4 and prostaglandins was reported (Sup
plementary Table S2). 

Given the distinctive metabolic profile of the two MNPs concentra
tion levels, an additional supervised multivariate orthogonal projection 
to latent structures discriminant analysis (OPLS-DA) was carried out to 
clearly understand the differences among MNPs on gut microbiota at 
low and high (Fig. 5) concentrations. The OPLS-DA model was charac
terized by high robustness in goodness-of-fit and the ability to make a 
prediction. For the OPLS-DA model, a list of variable importance in 
projection (VIP) discriminant markers was extrapolated to provide 
insight into the metabolic markers mostly involved in such discrimina
tion (Supplementary Table S3). 

The OPLS-DA model revealed a clear gut metabolomic effect due to 
the different treatments. Among different MNPs, Ag and ZnO NPs in high 
concentrations showed a more differentiated profile when compared 
with the other treatments. The OPLS-DA model was in accordance with 
the HCA outcome, with prostaglandins and cholic and bile acids, as well 
as short-chain fatty acids, which were identified as most discriminant 
and up accumulated in the presence of high levels of ZnO and TiO2 NPs. 
In contrast, xanthines and long and medium-chain fatty acids were 
harshly repressed (Supplementary Table S2). At low concentrations, all 
the treatments as well as TiO2 in high concentration showed a similar 
profile, based on HCA, with bile acids, amines, and indole-containing 
compounds accumulated in the presence of low Ag and ZnO NPs pep
tides and down-accumulated derivatives (Supplementary Table S2). 

3.3. Chemical similarity enrichment analysis 

The metabolomics analysis was interpreted by using a statistical 
enrichment approach based on chemical similarity: the compounds were 
differentially modulated by MNP treatments and compared to the con
trol (Fig. 6). Overall, the effect of highly concentrated MNPs on the gut 
microbiota was less evident than that of MNPs with a low concentration. 
Regarding Ag NPs (Fig. 6A, B), a low Ag level caused a deeper metabolic 
effect, which promoted an accumulation of cholic acids and butanols, 
whereas indoles and xanthines were mostly down-accumulated. ZnO 
NPs promoted a slight metabolic effect on the gut microbiota, which was 
probably due to the role of Zn as an important mediator of gut micro
biota integrity and diversity (Fig. 6C, D). The lowest level of TiO2 NPs 
had a diversified metabolic effect on the gut microbiota; in particular, it 
caused an accumulation of unsaturated fatty acids and acetophenones, 
and it played a negative role in the accumulation of carotenoids, pep
tides and benzopyrans. 

3.4. Integration data 

The omics data integration method is based on generalized partial 
least squares discriminant analysis (PLS-DA) for multiple datasets, and it 

Fig. 3. Biodiversity of bacteria, as affected by the different MNPs treatments 
and concentrations, according to Sobs index, the presence of letters indicates a 
statistical significance of p ≤ 0.05 for LSD test. 
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is correlated with the sparce Generalized Canonical Correlation Analysis 
(sGCCA) method used for maximizing the covariance between linear 
combinations of variables (latent component scores) and projecting the 
data into the smallest dimensional subspace spanned by the compo
nents. The metabolomics and sequencing datasets were checked indi
vidually to evaluate their distribution. The 2 PLS-DA models reported 
38% and 42% of discrimination capacity for the first 2 components, as 
sequencing and metabolomics datasets, respectively. 

The integration of both datasets was shown as a heat map that 
considered the most discriminating compounds belonging to the first 
three components (Fig. 7A) of the PLS-DA model. Apart from TiO2, all 
MNPs with a low concentration caused a more evident effect than did 

the control samples. In Fig. 7A, the heat map of most discriminant fea
tures revealed two separate clusters: the first cluster was composed of 
controls and samples with high concentration of Ag and ZnO. The sec
ond comprised Ag and ZnO at low concentrations and TiO2 at high 
concentrations. As shown in the figure, a clear similarity in regulation 
was observed for the omics variables belonging to the two datasets. 
Moreover, their correlation trend was confirmed through Pearson’s 
correlation analysis of selected variables for each component (Fig. 7B). 
Specifically, the first 3 principal components were characterized by 
significant positive correlation coefficients: r = 0.84, r = 0.77, and 
r = 0.77, respectively, thus indicating a satisfactory discriminatory po
tential of the selected variables among treatments. 

Fig. 4. Unsupervised hierarchical cluster analysis of gut metabolites after treatment with higher and lower concentrations of Ag, TiO2, and ZnO nanoparticles. The 
fold change values for each compound were calculated with respect to the median of all samples and further used to obtain a fold change-based heatmap according to 
Ward’s linkage algorithm (Euclidean distance). 

Fig. 5. Orthogonal projection to latent structures discriminant analysis (OPLS-DA) of gut metabolites after treatment with lower and higher concentrations of Ag, 
TiO2, and ZnO nanoparticles. 
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Finally, the most discriminant and correlated features between 
multi-omics datasets were selected for the first three principal compo
nents (Fig. 7C, D, E). The list of the most relevant OTUs and metabolites 
is reported in Supplementary Table S4. The first and second components 
were found to have great discriminatory potential, as they explained ~ 
40% of total differences and possessed higher discriminative power 
between the effect of TiO2 NPs on gut metabolism than those of ZnO and 
Ag NPs. The model positively correlated E. coli, S. wadsworthensis, and 
B. vulgatus to 9,10-epoxyoctadecenoic acid and acetylspermidine in 
samples treated with TiO2 NPs at a low concentration. Furthermore, 
several dipeptides, polyamines, and prostaglandins correlated to Clos
tridium thermocellum, Clostridium populeti, E.coli, and Parabacteroides 
distasonis in samples treated with ZnO and Ag NPs at low concentrations. 

A high TiO2 NPs concentration resulted in behavior similar to that of 
a high ZnO NPs concentration, which was characterized by the corre
lation between B. vulgatus, Bacteroides uniformis, Bacteroides caccae, 
Bacteroides eggerthii, E. coli, and S. wadsworthensis with dipeptides and 
the amino acid lysine. 

4. Discussions 

MNPs are often employed as food additives due to their coloring and 
opacifying properties that are used to improve the appearance and taste 
of processed foods. Exposure to MNPs occurs principally through oral 
intake, inhalation, and dermal contact. Recent studies have confirmed 
that MNPs can easily cross the gut barrier and affect gut homeostasis and 
spread to other organs, causing an immunological response [29]. For 
these reasons, the metabolomic effect of three MNPs, namely ZnO, TiO2, 
and Ag, at two different concentrations were examined after in-vitro 
digestion to simulate their effects during the digestive process. The 

in-vitro digestion of MNPs was carried out using salivary, gastric, and 
intestinal fluids, and subsequent fecal fermentation. After the fermen
tation, all samples were examined using an integrated multi-omics 
approach (sequencing and metabolomics) to shed light on their effects 
on gut microbiota and the large intestine fermentation process. The 
sequencing analysis showed that the most significant effects of MNPs on 
OTU abundances and diversity were observed in the least rather than the 
most concentrated samples. Hierarchical clustering analyses (HCA) at 
the family level showed an overall predominance of Enterobacteriaceae, 
Bacteroidaceae, Lachnospiraceae, and Ruminococcaceae (Fig. 1), families 
commonly found within the human gut. Great differences between 
groups were not found, suggesting a modulation of species within family 
groups rather than a shift in microbial families. However, both low and 
high concentrations showed a clear increase in Enterobacteriaceae in 
TiO2-treated samples. Furthermore, when looking at specific species, 
16 S amplicon sequencing analysis revealed a clear modulation medi
ated by the addition of MNPs. For Ag and TiO2 treatments, especially in 
low concentrations, a significant increase in E. coli abundance was 
found. This result is consistent with the findings from PICRUSt2, which 
highlighted several pathways such as phenolic compound degradation 
(HCAMHPDEG-PWY, PWY-6690), lipid biosynthesis (KDO-NAGLIPA
SYN-PWY), and threonine degradation (THREOCAT-PWY) that are 
related to E. coli metabolism. An enrichment in the E. coli population 
does not directly result in impaired intestinal functionality, because in 
healthy individuals the E. coli gut population is mostly represented by 
commensal strains. However, an increased relative abundance of E. coli 
within the gut is usually associated with different pathologies and has 
been identified in IBD patients [40]. Moreover, a general increase in 
E. coli in IBD cases is associated with the development of pathogenic 
adherent strains and a decline in commensal and positive bacterial 

Fig. 6. ChemRICH set enrichment statistics 
plot. Each node reflects a significantly altered 
cluster of metabolites. Enrichment p-values are 
given by ANOVA test. Node sizes represent the 
total number of metabolites in each cluster set. 
The node color scale shows the proportion of 
increased (red) or decreased (blue) compounds 
detected in gut metabolome treated with 
respectively higher and lower concentrations of 
(A) and (B) AgNPs; (C) and (D) ZnO NPs; (E) 
and (F) TiO2 NPs. Purple-color nodes have both 
increased and decreased metabolites.   
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species which provide a protective layer on a host’s intestine [46]. An 
increased E. coli relative abundance has also been found in patients with 
Crohn’s disease and is linked with the development of different strains, 
possessing pathogenic traits, such as the production of invasins and 
adhesins [46]. The relative abundance of B. vulgatus was increased by 
the lowest concentration of ZnO. Interestingly, a multi-omic study has 
recently associated the ulcerative colitis (UC) disease in humans with 
the accumulation of B. vulgatus, thus highlighting the microorganism’s 
responsibility for approximately 50% of microbial proteins involved in 
UC [44]. The genus Sutterella was significantly reduced in all the treat
ments; in particular, S. wadsworthensis was reduced by low MNP con
centrations. This latter species is considered a gut commensal bacterium 
that primarily colonizes the mucus layer in the small intestine tract [31]. 
The effects of Sutterella sp. on the human gut are still debated; some 
authors have reported a high abundance of the genus in healthy 
prebiotic-treated mice [20], whereas others link an accumulation of 
Sutterella with autism spectrum disorders [18]. Significant modulation 
due to MNPs of TiO2 at a low concentration was also observed with 
Bifidobacterium longum, a well-known multifunctional probiotic that is 
effective in alleviating gastrointestinal, immunological, and infectious 
diseases while stabilizing the gut microbiota [69]. One of the effects of 
B. longum reduction could be a susceptibility of the host to the adhesion 
of pathogens to the intestinal surface as well as a general impact on 
intestinal homeostasis. 

The treatment with different MNPs on the gut metabolome caused a 
marked impairment in the metabolism of different chemical classes, that 
are mainly related to protein metabolism. These chemical classes 
include xanthine, polyamines, indole derivatives, peptides, and other 
metabolites in the large intestine. The presence of proteins is usually 
derived from the diet: there is a direct correlation between the amount of 
dietary-ingested protein and the protein content that reaches the large 
intestine and becomes ready for proteolytic fermentation [36,68]. 
Moreover, even in small quantities, material that reaches the large in
testine has traces of sloughed cells, pancreatic enzymes, and bile acids 
that may flow past the ileum [16]. The fermentation of protein is usually 
associated with the action of bacterial proteases that generate a broad 
diversity of metabolites, including peptides, free amino acids, amines, 
keto-acids, branched fatty acids, phenols and indoles that accumulate in 
the colon [12]. Present findings showed a down-accumulation of several 
peptides in samples treated with low concentrations of MNPs, compared 
to the controls. This could be related to the enrichment of bacterial 
species with high proteolytic activity, namely B. vulgatus and E. coli, 
which were significantly abundant in the treated samples. As is well 
known, an altered host microbiota homeostasis and function are usually 
associated with inflammatory bowel diseases (IBD) or irritable bowel 
syndrome (IBS) diseases, including UC. Recent studies reported a dif
ferential microbiota composition in UC patients compared to healthy 
individuals; in particular, metagenomics analysis of fecal samples 

Fig. 7. (A) Heatmap correlation plot of most discriminant features selected in metabolomics and metagenomics datasets. Samples are represented in rows, selected 
features on the first three principal components of the sPLS-DA in columns. (B) Circos plot was carried out using Pearson correlation coefficients (r > 0.9). The plot 
shows the positive (red) and negative (blue) correlation between the selected features of the two datasets. (C-E) Loading plot of each feature selected having the 
maximal discrimination ability on the first (C), second (D) and third (E) component in each omics datasets, with color indicating the class with a maximal mean 
discriminant value. 
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identified a large number of proteases/peptidases elastases-related 
genes in UC patients [22,32]. Particularly, the delivery of ZnO NPs at 
low concentrations resulted in a significant enrichment of B. vulgatus and 
a significant overall down-accumulation of peptides. This result was 
consistent with what was reported by Mills et al. [44], who observed an 
overabundance of proteases originating from B. vulgatus in clinically 
active UC patients. Surprisingly, the omics data integration analysis 
highlighted a correlation between the enrichment of dipeptides and 
B. vulgatus, Clostridium spp., and E. coli. Accordingly, significant modu
lation of the relative abundance of E. coli was also observed in treat
ments with a low concentration of Ag and TiO2 NPs. Bacteroides are 
among the amplest genus present in the gut; they are located in the outer 
mucosal layer of the colon and some researchers indicate they are 
responsible for ~27% of proteolytic activity in UC patients [33,43]. 

High proteolytic activity of proteins/peptides often releases free 
amino acids. However, ZnO NPs in low concentration and TiO2 NPs in 
both high and low concentrations caused the lowest free amino acids 
content of all treatments, thus suggesting a higher uptake and metabolic 
activity of free amino acids by bacteria. Peptides or free amino acids are 
usually transported into the microbial cell and transformed into several 
metabolites, including biogenic amines, phenol, and indole, which exert 
effects on the barrier integrity of the gut mucosa [64]. This result is 
consistent with PICRUSt2 findings which highlighted a significant in
crease in protein degradation pathways, especially L-arginine degrada
tion (AST-PWY). Accordingly, we detected an up-accumulation of 
N1-acetylspermidine and N5-hexanoylspermidine in MNP-treated sam
ples, resulting from the decarboxylation of basic amino acids [48]. 
Integration analysis revealed that the enrichment of the N-acetyl
spermidine metabolite is also correlated to the abundance of E. coli in 
low-concentration TiO2 samples; this metabolite has previously been 
linked to shock response in E. coli, thus highlighting a treatment-induced 
stress condition [14]. Moreover, aromatic amino acids fermentation 
products such as indole-3-acetic acid, indole-3-carboxaldehyde, and 
indole-3-propanoic acid were also modulated. These compounds are 
said to be crucial in the severity of IBS and IBD pathology. 
Indole-3-propionic acid has been shown to be down-modulated in UC 
patients [2]. Our results show a clear correlation between the effects of 
specific nanometals and the modulation of bacterial species and me
tabolites. For Ag NPs, especially at low concentrations, the most 
modulated microorganisms we identified were E. coli, S. wadsworthensis, 
B. luti, and P. distansonis. Treatment with Ag NPs caused an overall 
down-accumulation of indoles and their derivatives, and the resulting 
perturbation has a great influence on gastrointestinal disorders and is 
also regarded as negatively altered in IBD patients [38]. 

In addition, in TiO2 NPs (either at low or high concentrations) and 
ZnO NPs (at high concentrations) treated samples, a down-accumulation 
of indole-3-acetic acid was reported. This metabolite was found to be 
decreased after antibiotic administration in rats [7], and this adminis
tration led to an increase in the susceptibility of the rats to chronic in
flammatory diseases such as IBS [37]. Indole-3-acetic acid is a ligand of 
the aryl hydrocarbon receptor (AhR), which is an important transcrip
tion factor that is widely expressed in immune and non-immune gut cells 
and is highly correlated to inflammatory processes, including the 
outcome of IBD [34,35,60]. We detected an enrichment of arachidonic 
acid metabolites, such as prostaglandin E2 and leukotrienes B4. This 
detection highlights the inflammatory process induced by MNP appli
cation in gut microbiota. This inflammatory process is particularly 
driven by TiO2 NP treatment. The arachidonic acid metabolites are 
pro-inflammatory lipid mediators that are found to be highly expressed 
in the early stage of the inflammatory process [61,62]. Moreover, omics 
data integration correlated the modulation of S. wadsworthensis and 
E. coli to the 9,10-epoxyoctadecenoic acid compounds in samples with a 
low concentration of TiO2, which represent an autoxidation product of 
linolenic acid and is involved in the regulation of the inflammation 
process associated with liver disease [3]. 

Our results showed that lower MNPs concentrations had a greater 

impact than the higher concentrations, which corroborates the thesis 
about the aggregation behavior of MNPs. This phenomenon is mostly 
affected by pH and electrolyte concentration as well as by the presence 
of biomolecules that can affect MNPs stability and toxicity [9,63]. Ag
gregation effects can limit adverse effects on living cells (Bélteky et al., 
2019). The authors demonstrated that a high aggregation grade of Ag 
NPs samples attenuated the toxic effects on living cells by reducing the 
biological activity of the cells. Low concentrations of Ag and ZnO 
resulted in heightened effects, whereas TiO2 NPs showed toxicity even at 
higher concentrations. This could be explained by the interaction of 
MNPs with their immediate environment and with colloidal stability 
factors. For instance, Ag NPs have often been observed to be modified by 
gastric fluids, due to the acidic environment. The latter contains a high 
Cl− concentration that can dissolve Ag NPs to generate precipitation of 
AgCl [4]. Conversely, the chemical properties of TiO2 NPs provide the 
possibility for many biomolecules to be adsorbed, thus modifying their 
reactivity and interaction with their immediate environment [47]. 
Bianchi et al. [11] showed the synergistic effect of lipopolysaccharides 
adsorbed by TiO2 NPs, resulting in the potentiation of pro-inflammatory 
effects [11]. 

The present work presents some strengths and limitations worth 
highlighting. Firstly, this is one of the first studies that has applied an 
integrated omic-based approach to investigate the role of different NPs 
that are relevant to human nutrition and health and human gut micro
biota modulation. Secondly, the concentrations used in this model were 
consistent with typical dietary intake, thus mimicking a potentially real 
in-vivo situation. The in vitro gastrointestinal digestion model used was 
applied before fecal fermentation to expose NPs to modifications 
possibly occurring in-vivo before investigating the effect on the gut 
microbiome and metabolome. The in-vitro digestion and fecal fermen
tation model presents some limitations. The non-dynamic and varying 
steps of digestion and fermentation applied are not close to the real 
condition which may occur in-vivo. However, due to the small volumes 
of analysis, we adopted a digestion model which accurately simulates 
the gastrointestinal tract. Moreover, we did not consider the estimated 
in-vitro bioavailability, which may represent a relevant in-vivo physio
logical step. This physiological mechanism should be better investigated 
for NPs by using other in-vitro models that have not been considered in 
the present work. Concerning the latter, it is important to highlight that 
the aim of the present work was not to specifically determine the rate of 
absorption in-vitro, but rather to evaluate the potential effect of NPs that 
are not absorbed in the first GIT on gut microbiota and metabolites 
produced during fermentation. These NPs were incubated with fecal 
slurry after undergoing modifications that may potentially occur during 
the first oral–gastric–small intestine steps. 

5. Conclusions 

In the present work, multiple omics were used to assess the effects of 
three different metal NPs (TiO2, ZnO, and Ag) at different concentrations 
on the gut microbiome and metabolome following in-vitro digestion and 
fecal fermentation. The different metal NPs showed a reduction in 
α-diversity especially for ZnO MNPs at low concentration, and TiO2 NPs 
at high concentrations. Ag and TiO2 MNPs in low concentrations caused 
an increased relative abundance of E. coli, which is usually associated 
with bowel irritation, while low concentration of ZnO NPs resulted in a 
significant enrichment of B. vulgatus and a substantial down- 
accumulation of overall peptides whose activity is linked to the activ
ity of proteolytic bacteria species. Accordingly, omics data integration 
analysis highlighted a positive correlation between the presence of di
peptides and the enrichment of Bacteroides spp., as well as E. coli, sug
gesting the production of proteases by this species. Using PICRUSt2 
analysis, we also found that pathways related to proteolysis are posi
tively modulated in both Ag- and TiO2- treated samples. Moreover, low 
concentrations of TiO2 caused a reduction in B. longum, a well-known 
probiotic bacterium that is important for gut health and functionality. 
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The treatment with different MNPs caused a significant difference from 
the control, and a broad diversity of metabolites were modulated, 
including xanthine, polyamines, indole derivatives, peptides, and me
tabolites related to protein metabolism in the large intestine. The results 
of this research corroborate the theory of in-gut aggregation of MNPs, 
thus showing low concentrations of Ag and ZnO MNPs have a more 
pronounced impact on the gut microbiome and metabolome compared 
to high concentrations. An interesting note must be made for TiO2 which 
at high concentrations did not reduce the alteration of the microbiome 
and metabolome and instead caused an intensification of effects. The 
chemical properties of TiO2 NPs offer the possibility of adsorption to 
increased sizes without changing the toxic characteristics of the NPs. It is 
known that particle aggregation is modulated by multiple factors such as 
pH, electrolyte concentration, and biomolecules that can affect MNP 
stability and toxicity. Notwithstanding, we do not fully know the con
sequences of this aggregation on NP biological effects. In the future, this 
aggregation should receive research attention to clearly define its causes 
and effects on intestinal homeostasis and human health. 
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