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A B S T R A C T

Food-grade titanium dioxide (E171) is a widely used food additive with debated safety, particularly regarding its 
genotoxic effects. This study assessed the dose-dependent toxicity of E171 in human induced pluripotent stem 
cell (iPSC)-derived colon organoids. Organoids were exposed to E171 (0.1–1000 μg/mL) for 24 h, and effects on 
cell viability, reactive oxygen species (ROS) generation, DNA damage, and gene expression were evaluated.

Results showed no impact on cell viability but a dose-dependent increase in ROS formation, peaking at 1000 
μg/mL. Electrospin Resonance Spectroscopy (ESR) showed a dose-dependent increase in ROS, with increased 
E171 concentrations. The alkaline comet assay revealed significant DNA damage from 100 μg/mL, with oxidative 
DNA damage detected at 10 μg/mL using formamidopyrimidine DNA glycosylase (FPG). RNA sequencing 
identified differentially expressed genes (DEGs) at 100 and 250 μg/mL, linked to translational activity, signal 
transduction, and DNA damage repair. Gene set enrichment analysis (GSEA) indicated activation of ribosome, 
chemical carcinogenesis–ROS, and metabolic pathways (carbon metabolism, glycolysis), while key regulatory 
pathways (Wnt, MAPK, PI3K-Akt) were suppressed.

These findings suggest that E171 induces oxidative stress and DNA damage, modulating transcriptomic 
pathways associated with metabolism, proliferation, and cancer. Further research is necessary to determine its 
long-term effects on human gastrointestinal health.

1. Introduction

Titanium dioxide (TiO2) is a white food coloring and opacifying 
agent known as E171 in the European Union and Asia and INS171 in 
North America. E171 is widely used in various products, including 
candies, confectionaries, sauces, and pharmaceuticals (Weir et al., 2012; 

Bischoff et al., 2020). Its physicochemical properties, such as high 
refractive index and brightness, have made it a preferred additive for 
enhancing the aesthetic appeal of products (Weir et al., 2012; Winkler 
et al., 2018). E171 has been considered safe for oral intake, however, a 
growing body of evidence indicates that E171 shows genotoxic effects 
and has pro-inflammatory properties, rendering it potentially unsafe 
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(Younes et al., 2021).
The increasing evidence on potential genotoxic effects ultimately led 

to the ban of E171 as a food additive within the European Union (EU) as 
of August 2022 and its removal from Annexes II and III of Regulation 
(EC) No 1333/2008 (Commission Regulation 2022/63) (EEA, 2022). 
Despite these concerns and regulatory actions, other views exist. Reg
ulatory agencies in Canada (Health Canada) and the USA (Food and 
Drug Administration, FDA) maintained their position that E171 is safe at 
the currently allowed dose levels (Canada, 2023; Titanium Dioxide as a 
Color Additive in Foods, 2024). They argue that its interaction with food 
and the digestive tract may mitigate its adverse effects, as demonstrated 
in in vitro and animal models, through increased particle aggregation 
within the food matrix and along the gastrointestinal (GI) route (Blevins 
et al., 2019; Dudefoi et al., 2021). When E171 was administered to rats 
via feed, it did not affect the immune system or inflammatory markers, 
leading to contradicting results compared with a similar in vivo study 
that administered the E171 via oral gavage (Blevins et al., 2019; Bettini 
et al., 2017). Furthermore, studies that only assess the effects of TiO2 
nanoparticles (< 100 nm) following high-frequency dispersion protocols 
do not adequately represent the situation in humans and overestimate 
the exposure to the nanoparticles (Canada, 2023; Titanium Dioxide as a 
Color Additive in Foods, 2024).

Initial concerns about adverse effects of oral E171 exposure have 
been raised by animal studies indicating a potential role in colorectal 
cancer (CRC) development and progression (Bettini et al., 2017; Urrutia- 
Ortega et al., 2016). Research utilizing rodent models, particularly 
models such as azoxymethane (AOM) and dextran sodium sulfate (DSS) 
to induce colitis-associated cancer, demonstrated an upregulation of 
tumor progression markers such as COX2, Ki67, and beta-catenin 
(Urrutia-Ortega et al., 2016). The same study also observed dysplastic 
changes in the colonic epithelium, including a reduction of goblet cell 
numbers (Urrutia-Ortega et al., 2016). Additionally, E171 has been 
linked to the development of aberrant crypt foci, preneoplastic lesions in 
the colon, and immune system alterations, as indicated by shifts in Th1/ 
Th17 balance (Bettini et al., 2017). Toxicogenomic studies corroborate 
these findings, showing transcriptional changes in colonic tissues in 
mice and human colon carcinoma cell lines indicative of early markers 
of CRC development, mainly through G-protein-coupled receptor 
(GPCR) signaling and DNA damage repair (Proquin et al., 2018a; Pro
quin et al., 2018b; Bischoff et al., 2022; Proquin et al., 2019). Further
more, a recent human study by Putra et al. (2024) assessed stool TiO2 
levels via inductively coupled plasma–mass spectrometry (spICP-MS) 
and markers for gastrointestinal health. It showed that higher levels of 
TiO2 in human feces were associated with increased biomarkers for gut 
permeability (alpha-1 antitrypsin) and gut inflammation (calprotectin) 
in healthy young adults (Putra et al., 2024).

The first endeavors of using human biopsy-derived colon organoids 
or murine gut organoids for the risk assessment of TiO2 have been made 
by Park et al. (2020) and Malaise et al. (2024) (Park et al., 2020; Malaise 
et al., 2024). Human biopsy-derived colon organoids were exposed to 
TiO2 nanoparticles for 48 h, which showed an IC50 value of 12.5 mM 
and revealed increased protein expression of Bax/Bcl-2 and 
Cytochrome-C of 2.6-fold and 1.6-fold, respectively (Park et al., 2020). 
Gene expression analysis using PCR arrays revealed the modulation of 
22 out of 84 tested key genes relating to insulin precursors and caspase 
activity (Park et al., 2020). Malaise et al. (2024) showed that enteroid- 
derived monolayers derived from murine intestinal organoids were a 
suitable model for assessing potential E171-related toxicity. The results 
showed E171-induced apoptosis, dose-dependent genotoxicity, and 
gene expression alterations related to decreased antimicrobial peptides 
and tight junction function following 24 h of exposure (Malaise et al., 
2024).

The advent of 3D cell culture technologies, particularly the utiliza
tion of human induced pluripotent stem cell (iPSC) derived organoids, 
represents a potential paradigm shift in toxicological research (Kim 
et al., 2020; Augustyniak et al., 2019). Unlike conventional 2D cell 

culture systems, which offer a limited approximation of in vivo condi
tions, 3D organoids closely mimic human tissue architectural and 
functional complexity (Augustyniak et al., 2019). The 3dGRO™ Human 
iPSC Derived Colon Organoids provide a compelling example of this 
technological advance. Derived from integration-free human iPSCs 
using the Simplicon RNA reprogramming technology, these organoids 
express key colon-specific markers and replicate the physiological 
characteristics of the gastrointestinal system. The benefits of 3D iPSC- 
derived colon organoids in toxicological studies are multifaceted 
(Nikonorova et al., 2023). These organoids maintain the intestinal epi
thelium’s intricate cellular architecture and function, enabling a more 
accurate simulation of human gastrointestinal interactions (Nikonorova 
et al., 2023; Taelman et al., 2022). This advancement might be crucial 
for evaluating the subtleties of E171’s effects on gene expression and 
cellular behavior, which conventional 2D cultures and cancer cell lines 
may not adequately capture (Nikonorova et al., 2023; Taelman et al., 
2022). Such a model enhances the predictive reliability in health risk 
assessments and aligns with the 3Rs principles (Schoonjans et al., 2023; 
Hubrecht and Carter, 2019).

In this study, we used human iPSC-derived colon organoids to 
evaluate the potential adverse effects of E171 exposure. We assessed the 
effects of E171 on cell viability, ROS formation, DNA damage, and 
changes in gene expression through RNA sequencing. We hypothesize 
that E171 exposure increases ROS formation, induces DNA damage, and 
alters the expression of inflammation- and cancer-related genes, even
tually promoting CRC development.

2. Material and methods

2.1. E171 particle characterization

Sensient Technologies Company in Mexico kindly donated E171. 
E171 was analyzed following the NanoGenoTox protocol with spICP-MS 
(Thermo Scientific iCap) (Jensen et al., 2011). In short, ~15 mg of 
pristine E171 was dispersed in 6 mL 0.05 % BSA to reach a 2.5 mg/mL 
concentration, followed by probe sonication (Branson 2200, Branson 
Ultrasonic SA, Danbury, CT, USA) for 16 min at 4 W.

For the characterization by the spICP-MS method, samples were 
diluted to respect the single particle rule. Samples were analyzed for the 
presence of 48Ti using ICP-TQ-MS operated in SQ and 1 ms dwell time. 
The instrument was calibrated with the ionic Ti standards (1–10 μg/L) 
and NanoComposix 60 nm AuNPs (60 nm). Raw data was processed 
using the modified “RIKILT single particle tool” to determine the size 
and size distribution (Verleysen et al., 2020). Only the size and size 
distribution were evaluated (Verleysen et al., 2020). For TEM analysis, 
undiluted dispersed E171 was transferred to grids (Carbon Filnus on 400 
Mesh Grids Copper) using the drop-on-grid method and analyzed using a 
JEM-1400 TEM instrument. Whenever possible, > 60 pictures for each 
sample were taken, and results were processed using the “ParticleSizer” 
plug-in into ImageJ. This plug-in was developed within the NanoDefine 
project (NanoDefine, 2016). E171 was furthermore analyzed using a 
Malvern NanoZ devise to determine dynamic light scattering (DLS) and 
zeta potential. In short, all samples were diluted to a final concentration 
of 100 μg/mL using MQ water. DLS was set to 25 ◦C, incubation time 0 s, 
and DTS0012 or DTS1070 cuvettes were used to measure hydrodynamic 
diameter (HD) and zeta-potential, respectively. All samples were 
measured in triplicates and averaged.

2.2. Cell culture

The iPSC-derived colon organoids (#SCC300, Merck, Rahway, USA) 
were cultured according to the manufacturer’s protocol. In short, the 
iPSC-derived organoids were cultured in 3dGRO™ Expansion Medium 
(#SCM304, Merck. Rahway, USA) supplemented with 1× PenStrep 
(Gibco, New York, USA) and 10 μM ROCK inhibitor (Y-27632, AbMol 
Bioscience, Houston, USA). The organoids were exposed to E171 
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ranging from 0.1 – 1000 μg/mL in 3dGRO™ Expansion Medium (1:10 
dilution) from stock solutions of 0.1, 1.0, 2.5, and 10 mg/mL of E171. 
Therefore, in addition to the initial particle characterization, we pre
pared and analyzed 6 mL of stocks at 0.1, 1.0, 2.5, and 10 mg/mL of 
E171 following the same procedure with small deviations to the Nano
genotox dispersion protocol. Instead of probe sonication, the samples 
were vortexed and bath sonicated for 16 min at 37 kHz. All stock solu
tions were diluted at least 1:10 in the 3dGRO™ Human Colon Organoid 
Expansion Medium (Sigma-Aldrich) for subsequent experiments (Jensen 
et al., 2011). Particle size, size distribution, HD, and zeta-potential were 
analyzed via spICP-MS, TEM, and DLS, as described in section 2.1.

The medium was replaced daily for the first two days with the me
dium containing ROCK inhibitor to increase stem cell survival, prolif
eration, and spheroid formation. Afterward, the organoids were 
maintained in the medium without the ROCK inhibitor but with anti
biotics. The medium was refreshed every other day. The organoids were 
passaged every 10–12 days to prevent over-confluency and maintain 
healthy growth. The passaging involved dissociating the organoids from 
the growth factor reduced matrigel (#CLS356231, Corning, New York, 
USA) through mechanical breaking up of the matrigel domes with ice- 
cold 1× PBS and a 3dGRO™ Organoid Dissociation Reagent (ODR, 
#SCM300, Merck, Rahway, USA) to remove the old matrigel, followed 
re-encapsulation in fresh matrigel. The split ratio at passaging was 
typically 1:2, adjusted based on the growth rate and density of the 
organoids. The iPSC-derived human colon organoids were cultured at 
37 ◦C and 5 % CO2. Cell passages 4–10 were used for the experiments. 
All following experiments were performed in biological and technical 
triplicates, resulting in nine sample per condition.

2.3. Cell viability

The toxicity profile was assessed by measuring cell viability via ATP 
levels using the 3D CellTiter-Glo assay (G9681, Promega, Madison, 
USA), following the manufacturer’s protocol with minor adjustments. 
After 24-h exposure to vehicle control (VC) or E171 concentrations of 
0.1, 10, 100, and 1000 μg/mL, the medium was removed, and the 
organoid domes were washed with 100 μL of 1× PBS. Next, the PBS was 
removed, 100 μL of the kit’s lysis reagent was added, and the domes 
were homogenized to break down the matrigel and to disrupt the 
organoid’s 3D-structure for cell lysis. To break down the domes, we 
placed the cell culture plates on a Scilogex MX-M 96-well plate shaker 
for 30 min at room temperature, set to 1000 rpm. Following 30 min of 
vigorous shaking, 100 μL of the homogenate was transferred to a white 
opaque 96-well plate (Corning, NY, USA), and luminescence was 
measured using a GloMax® 96 Microplate Luminometer (Promega, 
Madison, USA). Luminescence values, corresponding to ATP levels, were 
normalized to the DNA content of each well, which was determined 
using the same cell lysate according to the PicoGreen Assay (P7589, 
Invitrogen, Waltham, USA) manufacturer’s protocol.

2.4. Oxidative stress and ROS generation

In this study, the detection and quantification of superoxide species 
in iPSC-derived 3D colon organoids exposed to E171 were carried out 
using Electron Spin Resonance (ESR) spectroscopy with 1-hydroxy-3- 
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH, NOX-02.2- 
100 mg, Noxygen, Elzach, Germany) as the spin probe for superoxide 
anions (Scheinok et al., 2018). Five organoid domes per experimental 
condition were selected to ensure an adequate number of cells for ESR 
analysis. The organoids were washed twice with 1× PBS before being 
treated with VC, 0.1, 10, and 1000 μg/mL of E171 concentrations in 
3dGRO™ Expansion Medium for two hours.

After one hour of incubation, the culture medium was supplemented 
with CMH diluted in Krebs-HEPES buffer (KHB) to a final concentration 
of 0.5 mM CMH. After two hours of incubation, the organoids were 
placed on ice to stop any further metabolic activity, and the cell culture 

medium was carefully transferred to Eppendorf tubes for ESR spectros
copy analysis.

After removing the medium, the organoids were collected using ice- 
cold 1× PBS. The organoids were centrifuged at 1100 rpm for 5 min at 
4 ◦C, after which the PBS was aspirated and replaced with 100 μL of ODR 
in each tube to facilitate cell dissociation. After a ten-minute incubation 
at room temperature with several resuspensions, the samples were 
centrifuged at 1500 rpm for 5 min at 4 ◦C. The supernatant was 
removed, and the single cells were resuspended in 125 μL of 1× PBS. 
This cell suspension was immediately subjected to ESR spectroscopy to 
measure the superoxide-dependent signals.

To analyze the samples, 100 μL of media or cell suspension was 
transferred into a 100 μL glass capillary (Brand, Eberstadt, Germany). 
The glass capillary was placed in the resonator of the ESR spectrometer. 
ESR measurements were performed on a Bruker EMX 1273 spectrometer 
with an ER 4119HS high-sensitivity resonator and a 12 kWE power 
supply operating at X band frequencies. The ESR was set to 9.68 GHz 
power, 50.41 mW; modulation frequency, 100 kHz; modulation ampli
tude, 1G; sweep time 41.94 s; time constant, 40.96 ms; sweep width, 50 
G; and number of scans 10. The biological triplicates (n = 3) were 
measured in duplicate and analyzed using WinEPR software (Brueker, 
Bremen, Germany). Radical signals were identified in the spectrum and 
quantified via peak height in arbitrary units (A.U.).

2.5. DNA damage assessment

In this study, DNA damage was assessed using the standard alkaline 
and FPG alkaline comet assay, adapted to suit 3D cell culture models 
based on the protocol described by Collins et al. (Collins et al., 2023). 
Initially, iPSC-derived colon organoids were cultured for 12 days in a 
3dGRO™ Expansion Medium, following the guidelines in section 2.2. 
Subsequently, E171 stock solutions were mixed with the culture medium 
to achieve the designated exposure concentrations outlined in section 
2.1. Organoids were exposed to 10, 100, 250, and 1000 μg/mL of E171 
or a VC for 24 h. After exposure, the culture medium was discarded, and 
the matrigel domes containing the organoids were washed once with 1×
PBS.

Next, ice-cold 1× PBS was used to collect at least three domes of 
organoids per condition, ensuring an adequate cell number for the 
experiment. The collected organoids were centrifuged at 1100 rpm for 5 
min at 4 ◦C, and the supernatant was carefully removed to discard 
matrigel residues. Cell dissociation was achieved by treating the cell 
pellet with ODR to obtain single cells and disrupt the three-dimensional 
structure of the organoids. The process involved adding 100 μL of ODR 
to the cells, pipetting up and down ten times, followed by adding 
another 400 μL of ODR, more pipetting, and a 10-min incubation at 
room temperature with continuous rocking.

After dissociation, the cell suspension was centrifuged at 1100 rpm 
for 5 min at 4 ◦C, the supernatant was discarded, and the cells were 
resuspended in 150–200 μL of 1× PBS. An automated cell counter 
(Illumina, San Diego, USA) and Trypan Blue staining were used to 
determine cell concentration, adjusting the cell number with 1× PBS 
when the concentration exceeded 1 × 106 cells/mL. A 1.5 % solution of 
Low Melting Point (LMP) agarose (SLBF3048V, Sigma Aldrich, Saint 
Louis, USA) was prepared for the comet assay. Cells were mixed with 
LMP agarose to a final concentration of 0.5 % LMP. A drop of 45 μL cell- 
LMP suspension was placed per spot on slides pre-coated with 0.75 % 
Normal Melting Point agarose (16500–500, Invitrogen, Waltham, USA). 
After covering the cells with a coverslip and allowing the mixture to 
solidify at 4 ◦C for 45 min, the coverslips were removed, and the cells 
were lysed overnight at 4 ◦C in lysis buffer containing 2.5 M NaCl, 100 
mM EDTA, 10 mM Tris, 240 mM NaOH, 1 % Triton-X, and 10 % DMSO.

Following lysis, the slides underwent two washing steps with 1×
Buffer B and were placed on an ice-cold metal plate to maintain low 
temperatures and avoid premature enzyme activation. The slides were 
exposed to either 50 μL of 1:3000 diluted FPG enzyme (M02405, New 
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England Biolabs, Ipswich, USA) in Buffer B or 50 μL Buffer B (standard 
alkaline comet assay) alone for 30 min at 37 ◦C. Following the incuba
tion, the slides were immediately submerged in electrophoresis buffer 
(300 mM NaOH, 1 mM EDTA, pH > 12) for unwinding, incubating them 
at 4 ◦C for 20 min. Electrophoresis was performed for 20 min at 200 V. 
After electrophoresis, the slides were washed twice in 1× PBS and 
dehydrated in 70 % ethanol for 30 s before being left to dry for 2–3 days 
in preparation for imaging.

To visualize and quantify DNA damage, the slides were stained with 
3× gel red for 20 min and analyzed using COMET IV software. At least 
100 cells per condition were analyzed across three biological replicates 
(n = 3). To ensure accuracy, all slides were independently scored a 
second time by a blinded operator.

2.6. RNA isolation

Following 24 h of incubation to 10, 100, 250, and 1000 μg/mL of 
E171 or VC, the medium was removed from the plates, and 100 μL of ice- 
cold 1× PBS was added into each well to collect the organoids into a 1.5 
mL Eppendorf tube. The organoids were centrifuged at 1100 rpm for 5 
min at 4 ◦C, and the supernatant containing the excess matrigel was 
removed. Next, a total volume of 700 μL of QIAzol Lysis reagent (Qiagen, 
Venlo, The Netherlands) was added to each tube. Complete homogeni
zation of organoids in the lysis reagent was reached by vigorous pipet
ting and vortexing for 1 min. Samples were immediately frozen at 
− 80 ◦C until further processing. RNA isolation was performed using the 
miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the 
manufacturer’s protocol for animal cells, which included a DNase 
treatment. Total RNA yield was measured on Qubit according to the 
manufacturer’s protocol (Thermo Fisher Scientific, Waltham, Massa
chusetts, USA), and RNA quality was assessed using RNA Pico-/Nano
chips on a 2100 Bioanalyzer (Agilent Technologies, Leuven, Belgium). 
All samples with an RNA integrity number (RIN) > 7 and a total amount 
of RNA ≥ 100 ng were used for RNA sequencing. We prepared three 
technical and three biological (cell passage 6–8) replicates per concen
tration, totaling nine replicates per condition.

2.7. Library preparations and RNA bulk sequencing

Samples containing purified RNA were prepared for sequencing 
using a NEX Poly(A) Beads 2.0 auto kit (Revvity, Groningen, The 
Netherlands) on a Zephyr G3 NGS workstation (CLS150362, Revvity, 
Groningen, The Netherlands). After library preparation, the samples 
were sequenced on an S1 flow cell (Illumina, San Diego, USA) on the 
NovaSeq 6000 system (Illumina, San Diego, USA) using the NEX Rapid 
Dir RNAseq auto kit 2.0 (Revvity, Groningen, The Netherlands).

2.8. Pre-processing and data analysis

Raw RNA sequencing data were obtained as BCL files and converted 
to fastq files using BCL2FastQ (v2.20.0.422). The fastq files were pro
cessed using the R-ODAF pipeline (Verheijen et al., 2022). In short, reads 
were trimmed with fastp (v0.20.0) with a head crop of 12 bases. Mul
tiQC (v1.7) quality control after trimming indicated good sequencing 
quality (all bases > Q35) with a sequencing depth between 41.7 M and 
66.2 M per sample. These reads were mapped to the genome 
(GRCh38_112) with STAR (v2.7.9a) and quantified using RSEM (v1.3.1). 
The resulting raw counts were processed using DESeq2 (v1.40.2). Mul
tiple filters were applied to guarantee reliable differentially expressed 
genes. Genes were kept for differential expression analysis if sequencing 
depth was >5 M and the gene was expressed (> 1 CPM) in at least 75 % 
of samples belonging to one of the groups. After the statistical analysis, 
results were filtered according to R-ODAF recommendations to exclude 
spurious spikes and ensure biological relevance (median of one group 
larger than the third quantile of the other) (Verheijen et al., 2022). 
Genes with an FDR < 0.05 were considered statistically significant 

differentially expressed genes (DEGs).

2.8.1. Pathway analysis and GSEA analysis
The web-based interface Multi Ontology Enrichment Tool (MOET) 

(Vedi et al., 2022) was used to identify enriched pathways among the 
DEGs for the E171 concentrations. The analysis was run with default 
settings and species set to “Human,” ontology set to “Pathway,” and 
symbols set to “Ensembl Gene”. Pathways with a p-value <0.05 were 
considered significantly enriched. Additionally, we performed a gene set 
enrichment analysis (GSEA) using the “stat” value obtained from the 
DESeq2 analysis for gene ranking. The stat value is based on t-statistics 
accounting for effect size (log2foldchange) and set size (standard error). 
Enriched gene sets and their respective pathways were determined with 
ClusterProfiler using the KEGG database (Yu et al., 2012; Wu et al., 
2021). A q-value <0.05 (Bonferroni) was set to determine significantly 
enriched pathways.

2.8.2. Statistical analysis
The data from the cell viability, oxidative stress, and DNA damage 

assays were analyzed by GraphPad Prism 10. The data was first checked 
for statistical outliers by ROUT, multiple outlier testing with Q = 1 %. 
Outliers were removed, and data was checked for normality by the 
Shapiro-Wilk normality test for groups of <60 data entries and the 
Kolmogorov-Smirnov normality test for groups of >60. A one-way 
ANOVA was applied when all groups were normally distributed, with 
Bonferroni <0.05. A nonparametric test with Dunn’s < 0.05 was applied 
if one or more groups were not normally distributed. Data was displayed 
as mean and standard deviation (SD) for parametric distribution and 
median and 95 % confidence interval (CI) for nonparametric 
distribution.

3. Results

3.1. E171 particle characterization

E171 was characterized via spICP-MS, TEM, and DLS following the 
NanoGenoTox dispersion protocol’s dispersion and subsequent disper
sion in 3dGRO™ Expansion Medium. The initial characterization 
showed that the E171 median particle size was 78 nm via spICP-MS and 
79 nm via TEM measurement (Fig. 1) (Bischoff et al., 2020). The median 
percentage of particles <100 nm was 73 % and 75 %, respectively 
(Table 1). DLS measurements showed a mean HD of 353 nm (PDI =
0.19) and a zeta potential of − 31.4 mV. The characterization in 
3dGRO™ Expansion Medium at 10, 100, 250, and 1000 μg/mL showed a 
median particle size of 256, 220, 225, and 221 nm, respectively. The 
dispersions showed a nanoparticle fraction of 4, 13, 16, and 12 % for the 
concentrations of 10, 100, 250, and 1000 μg/mL of E171. While the 
E171 particles showed a relatively stable aggregate size between 220 
and 256 nm when analyzed with spICP-MS, the same dispersions showed 
a difference in their aggregation size when analyzed via DLS. While the 
concentrations ranging from 10 to 250 μg/mL showed a similar HD of 
351–396 nm, we observed an increased mean HD of 637 nm at the 1000 
mg/mL stock, with a simultaneous decrease in zeta-potential to − 25.2 
mV.

3.2. Cell viability

The assessment of cell viability in colon organoids was based on 
quantifying ATP release, followed by normalization to DNA concentra
tion of each experimental condition. Fig. 2 A shows the state of the 
organoids following 12 days of culturing, highlighting the differences in 
their state of differentiation and the need for normalization. Following 
24 h of exposure, none of the E171 concentrations affected cell viability 
(Fig. 2 B).
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3.3. Oxidative stress and ROS generation

ROS levels were measured using ESR spectroscopy to assess oxidative 
stress. Utilizing the spin-probe CMH, we identified and quantified su
peroxide radicals following exposure to E171 for two hours. We 
measured a statistically significant increase in superoxide radicals at 
1000 μg/mL of E171, compared to the VC (Fig. 3 A). E171 possesses an 
innate mechanism to produce ROS (Bischoff et al., 2024). The lower 
concentrations, 0.1 and 10 μg/mL, slightly increased ROS levels by a 
factor of 1.2 and 1.4, respectively. Fig. 3 B shows that the cell culture 
medium containing E171 particles did not increase ROS when measured 
without the presence of colon organoids, demonstrating that the ROS 
were only generated in the presence of cells and E171 (Fig. 3 B).

3.4. Alkaline comet assay

To determine DNA damage, we performed a standard alkaline comet 
assay and an FPG alkaline comet assay. In alkaline conditions, E171 
significantly induced DNA damage at 100, 250, and 1000 μg/mL 
following 24 h of E171 exposure (Fig. 4 A). VC samples showed an 
average of 6.4 % DNA damage, while the exposure conditions increased 
DNA damage to 11.0 %, 15.2 %, and 21.5 %, at 100, 250, and 1000 μg/ 
mL, respectively. Exemplary images made with the COMET IV software, 
per conditions were added to the Supplementary data (Supplementary 
data).

As the FPG enzyme converts the oxidative base modification 8-Oxo- 
Guanine to DNA single-strand breaks, the FPG alkaline comet assay is 

Fig. 1. Fig. 1A shows a exemplary TEM image of E171 particles. Fig. 1B shows a histogram size distribution of E171 particles as measured via spICP-MS.

Table 1 
Physicochemical characterization of pristine E171 according to the NanoGenoTox dispersion protocol in 0.05 % BSA and exposure concentrations of E171 in 3dGRO™ 
Expansion Medium for organoid cell culture.

E171 dilutions spICP-MS 
(median, nm)

spICP-MS 
(median % < 100 nm)

TEM 
(median, nm)

TEM 
(median, % < 100 nm)

HD 
(mean, nm)

PDI 
(mean)

Zeta potential 
(mean, mV)

pH 
(mean)

pristine 76 73 79 75 353 0.19 − 31.4 7.0
10 μg/mL in medium 256 4 N/A N/A 375 0.14 − 14.5 7.0
100 μg/mL in medium 220 13 N/A N/A 396 0.18 − 10.2 7.1
250 μg/mL in medium 225 16 N/A N/A 351 0.13 − 15.7 7.0
1000 μg/mL in medium 221 12 N/A N/A 637 0.19 − 25.3 7.1

Fig. 2. A) Shows an exemplary light microscopy image of the iPSC-derived colon organoids after 12 days of cell culture differentiation, right before the exposure to 
E171 for 24 h at 4× B) Human iPSC-derived colon organoids did not show any effect of reduced cell viability, following 24 h of exposure to E171. Fig. 2 A shows cell 
viability of organoids in percentage, normalized to DNA concentration per condition, displayed as mean and SD.
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Fig. 3. A) Shows the concentration of superoxide radicals in arbitrary units (A.U.), indicating the level of oxidative stress, which is increasing with increasing E171 
concentration. B) Shows the ROS levels in cell culture medium, containing E171. The analysis showed no differences in ROS levels between VC and exposure 
conditions. Graphs display mean and SD. Statistical significance was assessed with One-Way-ANOVA and Bonferroni correction of <0.05, ** < 0.01).

Fig. 4. Fig. A) and B) display the results of the standard alkaline and FPG alkaline comet assay, respectively. Exposure to E171 resulted in a dose dependent increase 
of DNA damage. Data is displayed as median and 95 % CI. Statistical significance was assessed via One-Way ANOVA with Bonferroni correction <0.05, * < 0.05, 
**** < 0.0001.

Fig. 5. A) Venn Diagram shows the overlap of DEGs (FDR < 0.05). Out of 13 DEGs identified at 100 μg/mL, 11 DEGs were also found at 250 μg/mL. B) Shows the 
overlap in enriched pathways between 100 and 250 μg/mL of E171. No DEGs, and subsequently no pathways were identified for 10, and 1000 μg/mL of 
E171 exposure.
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more sensitive in detecting DNA damage compared to the standard 
alkaline comet assay. All exposure conditions significantly increased 
DNA damage following 24 h of E171 exposure (Fig. 4 B). The VC showed 
an average of 7.8 % DNA damage, while DNA damage in the exposure 
conditions 10, 100, 250, and 1000 μg/mL of E171 increased to 9.9 %, 
14.2 %, 19.2 %, and 25.7 %, respectively.

3.5. RNA sequencing, pathway analysis, and GSEA

RNA isolation of colon organoid samples yielded an average of 50.4 
ng/μL of RNA, with an average RIN value of 8.5. Following sequencing, 
data-clean-up, and pre-processing via the standardized R-ODAF pipe
line, we identified DEGs using DESeq2 (Verheijen et al., 2022). DEG 
analysis (FDR <0.05) resulted in 13 and 110 DEGs following the expo
sure to 100 and 250 μg/mL of E171, respectively. No DEGs were 
detected for 10 and 1000 μg/mL of E171 exposure for 24 h. Fig. 5 A) and 
B) show the overlap of identified DEGs and pathways between 100 and 
250 μg/mL of E171 exposure, respectively.

Fig. 5 A shows that out of 13 DEGs identified at 100 μg/mL, most (11 
DEGs) were also found in the higher dose of 250 μg/mL of E171. These 
11 genes were SIPA1L3, RPL34, RPS6, RPS8, RPL10, EEF1A1, RPL29, 
RPL9, BCL2L15, EEF1A1P5, and RPL39. All shared DEGs showed the 
same directionality, with SIPA1L3 being suppressed, while all other 
DEGs were activated. Furthermore, four enriched pathways were shared 
between the two exposure concentrations. Namely, “translational 
pathway”, “ribosome biogenesis pathway”, “translation elongation 
pathway”, and “pathway pertinent to DNA replication and repair cell 
cycle maintenance of genomic integrity of RNA and protein biosyn
thesis”. The overlap indicates common genetic alterations related to 
ribosomal and translation activity, as well as DNA replication and repair. 

Additional pathways were identified at 250 μg/mL, which showed ef
fects on chaperon-mediated autophagy pathways, G-Protein Coupled 
Receptor signaling (Arf, Ras family), and altered Notch signaling 
(Table 2).

GSEA also showed the most potent transcriptional response at 250 
μg/mL of E171, with 68 pathways being activated or suppressed. The 
dose groups of 10 and 100 μg/mL of E171 showed a milder response, 
with a total of 15 pathways affected. At the same time, 1000 μg/mL of 
E171 showed the modulation of 37 pathways. Fig. 6 shows an overview 
of the suppressed and activated pathways.

GSEA revealed activated pathways related to the ribosome, Coro
navirus disease, and diabetic cardiomyopathy for 100, 250, and 1000 
μg/mL of E171. Most activated pathways were shared between 250 and 
1000 μg/mL of E171, namely metabolic pathways, non-alcoholic fatty 
liver disease, oxidative phosphorylation, thermogenesis, chemical 
carcinogenesis – reactive oxygen species, peroxisome, Parkinson’s dis
ease, PPAR signaling pathway, carbon metabolism, and glycolysis/glu
coneogenesis—notably, many pathways related to the cell’s metabolic 
activity and its response to oxidative stress. Unique pathways related to 
cellular metabolism occurred at 250 μg/mL of E171 with drug meta
bolism – cytochrome P450, amino sugar and nucleotide sugar meta
bolism, drug metabolism, other enzymes, and metabolism of xenobiotics 
by cytochrome P450, as well as the citric cycle (TCA cycle) for 1000 μg/ 
mL of E171 (Fig. 6).

Exposure to 10 and 100 μg/mL of E171 showed suppression of 8 
pathways related to genetic information processing (“translation”, 
“folding, sorting, degradation”), organismal systems (“immune sys
tem”), metabolism (“glycan biosynthesis and metabolism”), human 
disease (“infectious disease”), environmental processing (“signaling 
transduction”), and cellular processes (“transport and catabolism”). 

Table 2 
Enriched pathways identified from DEG lists (FDR < 0.05) of 100 and 250 μg/mL of E171 for 24 h.

E171 
(μg/ 
mL)

Category Pathway Gene 
Count

Genes p- 
value

q-value

100 Translation translation pathway 10 EEF1A1, RPL10, RPL29, RPL34, RPL39, RPL9, RPS19, 
RPS27, RPS6, RPS8

6.09E- 
15

1.10E-13

100 Translation ribosome biogenesis pathway 9 RPL10, RPL29, RPL34, RPL39, RPL9, RPS19, RPS27, RPS6, 
RPS8

2.51E- 
13

4.52E-12

100 DNA/RNA damage pathway pertinent to DNA replication and 
repair cell cycle maintenance of genomic 
integrity RNA and protein biosynthesis

10 EEF1A1, RPL10, RPL29, RPL34, RPL39, RPL9, RPS19, 
RPS27, RPS6, RPS8

2.41E- 
06

4.34E-05

100 Translation translation elongation pathway 1 EEF1A1 5.03E- 
03

9.05E-02

100 Translation regulatory pathway 10 EEF1A1, RPL10, RPL29, RPL34, RPL39, RPL9, RPS19, 
RPS27, RPS6, RPS8

6.48E- 
03

1.17E-01

100 Translation chaperone-mediated autophagy pathway 1 EEF1A1 2.00E- 
02

3.60E-01

250 Translation ribosome biogenesis pathway 18 RPL10, RPl12, RPL15, RPL18, RPL29, RPL34, RPL35A, 
RPL36A, RPL37, RPL39, RPL9, RPLP0, RPS14, RPS18, 
RPS3A, RPS4X, RPS6, RPS8

3.20E- 
15

7.30E-13

250 Translation translation pathway 19 EEF1A1, RPL10, RPl12, RPL15, RPL18, RPL29, RPL34, 
RPL35A, RPL36A, RPL37, RPL39, RPL9, RPLP0, RPS14, 
RPS18, RPS3A, RPS4X, RPS6, RPS8

7.07E- 
15

1.61E-12

250 DNA/RNA damage pathway pertinent to DNA replication and 
repair cell cycle maintenance of genomic 
integrity RNA and protein biosynthesis

24 DHX16, EEF1A1, H3-3A, H3–3B, LAMTOR5, RPL10, 
RPl12, RPL15, RPL18, RPL29, RPL34, RPL35A, RPL36A, 
RPL37, RPL39, RPL9, RPLP0, RPS14, RPS18, RPS3A, 
RPS4X, RPS6, RPS8, SYK

1.52E- 
03

3.47E-01

250 Signal 
Transduction

Arf family-mediated signaling pathway 2 AP2A1, GIT1 1.31E- 
02

1.00E+00

250 Human disease: 
cardiovascular

myocardial infarction pathway 1 LGALS2 2.50E- 
02

1.00E+00

250 Translation translation elongation pathway 1 EED1A1 2.50E- 
02

1.00E+00

250 Signal 
Transduction

Ras superfamily-mediated signaling pathway 3 AP2A1, ARPC3, GIT1 2.73E- 
02

1.00E+00

250 Metabolism paracetamol pharmacokinetics pathway 2 ABCC1, UGT1A6 3.09E- 
02

1.00E+00

250 Signal 
Transduction

altered Notch signaling pathway involving the 
main players

1 JAG1 3.32E- 
02

1.00E+00
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Most suppressed pathways were reported for 250 and 1000 μg/mL of 
E171. These included extracellular matrix (ECM) -receptor interaction, 
signaling pathways regulating pluripotency of stem cells, human 
papillomavirus infection, Hippo signaling pathway, PI3K-Akt signaling 
pathway, pathways in cancer, focal adhesion, thyroid hormone signaling 
pathway, Wnt signaling pathway, efferocytosis, regulation of actin 
cytoskeleton, PD-L1 expression and PD-1 checkpoint in cancer, as well 
as EGFR tyrosine kinase inhibitor resistance (Fig. 6). A detailed over
view of all pathways per dose group, with their set size, enrichment 
score, and normalized enrichment score (NES), can be found in Table 3. 
Supplementary Table 1–5 details the identified genes and visual over
views of NES scores per dose group.

When comparing the results from the differential gene expression 
analysis with the GSEA, we observed a dose response fitting the ROS 
measurements and comet assay results, which indicated a similar 
response of the 250 and 1000 μg/mL of E171 dose groups. Both tran
scriptional analysis approaches showed pathways affected that relate to 
ribosome biogenesis in eukaryotes and general ribosomal activity, 
which are responsible for the assembly of the ribosomal components, 
protein translation, and biosynthesis. Furthermore, pathways such as 
Arf-mediated signaling pathways and Ras superfamily-mediated 
signaling pathways suggest the modulation of signaling cascades that 
interact with the PI3K-Akt pathway, which is crucial for cell growth, 
survival, and metabolism. Additionally, pathways pertinent to DNA 
replication and repair, cell cycle maintenance, and genomic integrity 
might overlap with the hippo pathway signaling detected via GSEA, 
which controls cell proliferation and apoptosis. Other functional over
laps include DNA replication, repair and genomic integrity, oxidative 

stress, cell cycle, translation, protein synthesis, autophagy, cellular ho
meostasis, signaling pathways (MAPK, Wnt, PI3K), and metabolic 
pathways. Gene co expression networks for the concentrations of 10, 
100,250, and 1000 μg/mL are displayed in the Supplementary materials.

In summary, DEGs indicated a moderate transcriptional response to 
24 h of E171 exposure, with only 100 and 250 μg/mL of E171 showing 
DEGs, which revealed modulation of pathways related to ribosome, 
translation, DNA damage/repair, and signal transduction. GSEA un
covered a more consistent dose response to E171 exposure. However, a 
slight decrease in transcriptional response at 1000 μg/mL of E171 was 
still observed, potentially related to the increased aggregation of E171 
particles at 1000 μg/mL and consequently lower bioavailability.

4. Discussion

In this study, we used human iPSC-derived colon organoids to 
investigate the potential adverse effects of E171 exposure. Our results 
demonstrate that E171 did not impact cell viability. However, it induced 
ROS generation, caused DNA damage, and altered gene expression 
profiles in a dose-dependent manner. The RNA sequencing data revealed 
DEGs related to a metabolic shift toward carbon metabolism, inflam
mation, ECM modulation, signal transduction, and cancer-related 
pathways. These findings provide novel insights into the potential mo
lecular mechanisms underlying E171-induced toxicity in human colon 
cells.

We investigated the potential cytotoxicity of E171 without 
measuring any decrease in cell viability following a 24-h exposure to 
E171 for any of the administered concentrations. This corroborates 

Fig. 6. GSEA results of activated and suppressed pathways, following E171 exposure for 24 h, in 3D colon organoids in comparison to the vehicle control groups. 
GeneCount indicates the number of genes enriched in a specific gene set, while the color indicates the significance of the q-value.
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Table 3 
Results of the GSEA, including the dose of E171, the enriched KEGG pathway, 
enrichment scores, and normalized enrichment scores (NES), as well as signifi
cance levels.

Dose 
E171 
(μg/ 
mL)

Description Enrichment 
Score

NES p- 
value

q- 
value

10 Ribosome biogenesis in 
eukaryotes

− 0.52407 − 2.22 5.31E- 
07

1.64E- 
04

10 Nucleocytoplasmic 
transport

− 0.43003 − 1.91 7.23E- 
05

1.12E- 
02

10 Leukocyte 
transendothelial 
migration

0.424184 1.88 1.15E- 
04

1.18E- 
02

10 NOD-like receptor 
signaling pathway

0.365596 1.78 1.73E- 
04

1.34E- 
02

10 Protein processing in 
endoplasmic reticulum

− 0.35883 − 1.70 2.63E- 
04

1.63E- 
02

10 Mannose type O-glycan 
biosynthesis

− 0.62626 − 1.92 7.17E- 
04

3.30E- 
02

10 Proteasome − 0.50592 − 1.89 7.46E- 
04

3.30E- 
02

10 Pertussis 0.454163 1.86 1.13E- 
03

3.98E- 
02

10 NF-kappa B signaling 
pathway

0.389582 1.74 1.16E- 
03

3.98E- 
02

100 Ribosome 0.840975 3.98 1.00E- 
10

1.62E- 
08

100 Coronavirus disease - 
COVID-19

0.714718 3.54 1.00E- 
10

1.62E- 
08

100 Lysosome − 0.44759 − 1.90 6.95E- 
06

7.51E- 
04

100 Glycosaminoglycan 
biosynthesis - heparan 
sulfate / heparin

− 0.75681 − 2.15 1.11E- 
05

8.96E- 
04

100 Bile secretion − 0.53792 − 1.98 9.70E- 
05

6.29E- 
03

100 Diabetic cardiomyopathy 0.324875 1.60 3.07E- 
04

1.66E- 
02

100 Mannose type O-glycan 
biosynthesis

− 0.64486 − 1.89 8.36E- 
04

3.87E- 
02

250 Ribosome 0.834145 3.89 1.00E- 
10

6.00E- 
09

250 Coronavirus disease - 
COVID-19

0.685964 3.35 1.00E- 
10

6.00E- 
09

250 Oxidative 
phosphorylation

0.572592 2.63 1.00E- 
10

6.00E- 
09

250 Parkinson’s disease 0.447088 2.27 1.00E- 
10

6.00E- 
09

250 Non-alcoholic fatty liver 
disease

0.477351 2.24 4.83E- 
10

2.32E- 
08

250 Chemical carcinogenesis 
- reactive oxygen species

0.430843 2.13 6.32E- 
10

2.53E- 
08

250 Diabetic cardiomyopathy 0.442825 2.16 9.52E- 
10

3.26E- 
08

250 Prion disease 0.410062 2.08 1.30E- 
09

3.89E- 
08

250 Huntington disease 0.364058 1.87 7.06E- 
08

1.88E- 
06

250 Thermogenesis 0.396497 1.95 7.91E- 
08

1.90E- 
06

250 Peroxisome 0.536673 2.29 2.92E- 
07

6.37E- 
06

250 Metabolic pathways 0.239509 1.40 4.00E- 
07

7.99E- 
06

250 Amyotrophic lateral 
sclerosis

0.337965 1.77 5.92E- 
07

1.09E- 
05

250 ECM-receptor interaction − 0.6345 − 2.27 1.38E- 
06

2.37E- 
05

250 Hippo signaling pathway − 0.46515 − 1.98 3.47E- 
06

5.56E- 
05

250 Human papillomavirus 
infection

− 0.37278 − 1.73 8.00E- 
06

1.20E- 
04

250 MAPK signaling pathway − 0.37765 − 1.73 2.85E- 
05

4.03E- 
04

Table 3 (continued )

Dose 
E171 
(μg/ 
mL) 

Description Enrichment 
Score 

NES p- 
value 

q- 
value

250 Pathways of 
neurodegeneration - 
multiple diseases

0.292054 1.56 3.32E- 
05

4.31E- 
04

250 Pathways in cancer − 0.32 − 1.54 3.41E- 
05

4.31E- 
04

250 MicroRNAs in cancer − 0.41012 − 1.78 3.74E- 
05

4.48E- 
04

250 Phospholipase D 
signaling pathway

− 0.44469 − 1.84 4.49E- 
05

5.13E- 
04

250 Thyroid hormone 
signaling pathway

− 0.44679 − 1.85 5.78E- 
05

6.30E- 
04

250 Signaling pathways 
regulating pluripotency 
of stem cells

− 0.45531 − 1.85 7.36E- 
05

7.68E- 
04

250 Focal adhesion − 0.40831 − 1.77 8.86E- 
05

8.86E- 
04

250 Alzheimer’s disease 0.296006 1.56 9.73E- 
05

9.34E- 
04

250 Fc gamma R-mediated 
phagocytosis

− 0.47158 − 1.88 1.17E- 
04

1.00E- 
03

250 Breast cancer − 0.45161 − 1.86 1.16E- 
04

1.00E- 
03

250 Wnt signaling pathway − 0.42257 − 1.80 1.11E- 
04

1.00E- 
03

250 Cytoskeleton in muscle 
cells

− 0.41513 − 1.77 1.95E- 
04

1.57E- 
03

250 Regulation of actin 
cytoskeleton

− 0.38187 − 1.69 1.96E- 
04

1.57E- 
03

250 Chronic myeloid 
leukemia

− 0.45791 − 1.80 2.48E- 
04

1.92E- 
03

250 Axon guidance − 0.39833 − 1.73 2.69E- 
04

2.02E- 
03

250 Hippo signaling pathway 
- multiple species

− 0.61578 − 1.92 3.10E- 
04

2.26E- 
03

250 Proteoglycans in cancer − 0.38424 − 1.67 3.81E- 
04

2.69E- 
03

250 PI3K-Akt signaling 
pathway

− 0.34605 − 1.59 4.22E- 
04

2.90E- 
03

250 Drug metabolism - 
cytochrome P450

0.509604 1.91 5.25E- 
04

3.50E- 
03

250 Acute myeloid leukemia − 0.50701 − 1.88 6.00E- 
04

3.89E- 
03

250 Phosphatidylinositol 
signaling system

− 0.42666 − 1.73 6.47E- 
04

4.09E- 
03

250 Amino sugar and 
nucleotide sugar 
metabolism

0.484518 1.82 9.20E- 
04

5.54E- 
03

250 PPAR signaling pathway 0.450518 1.79 9.23E- 
04

5.54E- 
03

250 Retrograde 
endocannabinoid 
signaling

0.391478 1.73 9.52E- 
04

5.58E- 
03

250 Mannose type O-glycan 
biosynthesis

− 0.6424 − 1.87 1.18E- 
03

6.57E- 
03

250 Hepatitis B − 0.37615 − 1.63 1.15E- 
03

6.57E- 
03

250 Various types of N-glycan 
biosynthesis

0.484234 1.78 1.54E- 
03

8.40E- 
03

250 Chemical carcinogenesis 
- DNA adducts

0.466892 1.75 1.58E- 
03

8.44E- 
03

250 Protein export 0.535781 1.91 1.80E- 
03

9.40E- 
03

250 Polycomb repressive 
complex

− 0.42145 − 1.69 2.08E- 
03

1.06E- 
02

250 Drug metabolism - other 
enzymes

0.423112 1.69 2.37E- 
03

1.19E- 
02

250 Endocrine resistance − 0.41581 − 1.67 2.63E- 
03

1.29E- 
02

250 Efferocytosis − 0.3667 − 1.57 2.71E- 
03

1.30E- 
02

250 Biosynthesis of 
nucleotide sugars

0.506065 1.84 2.94E- 
03

1.39E- 
02

(continued on next page)
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other findings, as E171-induced cytotoxicity has rarely been reported in 
in vitro models (David et al., 2022; Kampfer et al., 2021; Bettencourt 
et al., 2020).

We furthermore measured superoxide radical formation following a 
2-h exposure to E171. Our results showed a dose-dependent increase in 
superoxide levels, demonstrating the potential of E171 to induce ROS in 
vitro. Our findings are consistent with other studies, which showed 
E171-related ROS formation in various in vitro models using the DCFH- 
DA, GSH/GSSG ratio, and other assays for oxidative stress (Bettencourt 
et al., 2020; Dorier et al., 2019; Botelho et al., 2014; Vigneshwaran et al., 
2021; Guo et al., 2017; Li et al., 2014; Dvoranova et al., 2014). Most 
importantly, the formation of ROS only occurred when E171 was in the 
presence of the colon organoids. No ROS formation was detected in 
dispersed E171 in the cell culture medium alone. This strongly suggests 
an interaction of E171 with the colon cells, leading to the formation of 
ROS.

Statistically significant increases in the levels of DNA damage were 
observed in the standard alkaline comet and FPG-modified alkaline 
comet assays. DNA damage was detected in a dose-dependent manner in 
both comet assay setups, highlighting the genotoxic potential of E171 in 
vitro. The increased DNA damage detected in the FPG comet assay in
dicates the presence of the oxidative base modification 8-oxo-guanine, 
which forms as a consequence of the increased oxidative stress and 
free radical interaction with the DNA. Many other studies have shown 

Table 3 (continued )

Dose 
E171 
(μg/ 
mL) 

Description Enrichment 
Score 

NES p- 
value 

q- 
value

250 Hepatocellular 
carcinoma

− 0.36098 − 1.56 3.01E- 
03

1.39E- 
02

250 Fc epsilon RI signaling 
pathway

− 0.47209 − 1.72 3.64E- 
03

1.65E- 
02

250 Gastric cancer − 0.37791 − 1.57 4.00E- 
03

1.78E- 
02

250 Rap1 signaling pathway − 0.34424 − 1.49 4.57E- 
03

1.99E- 
02

250 Hedgehog signaling 
pathway

− 0.48692 − 1.74 5.20E- 
03

2.19E- 
02

250 Inositol phosphate 
metabolism

− 0.41487 − 1.61 5.16E- 
03

2.19E- 
02

250 Yersinia infection − 0.35821 − 1.52 5.30E- 
03

2.19E- 
02

250 Metabolism of 
xenobiotics by 
cytochrome P450

0.425463 1.63 5.50E- 
03

2.20E- 
02

250 PD-L1 expression and PD- 
1 checkpoint pathway in 
cancer

− 0.41047 − 1.61 5.50E- 
03

2.20E- 
02

250 Basal cell carcinoma − 0.50525 − 1.73 5.70E- 
03

2.24E- 
02

250 Th1 and Th2 cell 
differentiation

− 0.43462 − 1.63 5.98E- 
03

2.31E- 
02

250 Virion - Herpesvirus − 0.79483 − 1.67 7.73E- 
03

2.89E- 
02

250 Glycolysis / 
Gluconeogenesis

0.419386 1.63 7.83E- 
03

2.89E- 
02

250 Carbon metabolism 0.336687 1.53 7.60E- 
03

2.89E- 
02

250 Other types of O-glycan 
biosynthesis

− 0.49332 − 1.69 8.14E- 
03

2.92E- 
02

250 Endometrial cancer − 0.4265 − 1.59 8.13E- 
03

2.92E- 
02

250 Growth hormone 
synthesis, secretion and 
action

− 0.38267 − 1.56 8.68E- 
03

3.07E- 
02

1000 Ribosome 0.562593 2.71 1.00E- 
10

2.62E- 
08

1000 Metabolic pathways 0.254002 1.53 6.86E- 
10

8.99E- 
08

1000 Coronavirus disease - 
COVID-19

0.416439 2.11 7.40E- 
09

6.47E- 
07

1000 Signaling pathways 
regulating pluripotency 
of stem cells

− 0.52112 − 2.20 1.52E- 
07

9.97E- 
06

1000 ECM-receptor interaction − 0.63789 − 2.33 2.15E- 
07

1.13E- 
05

1000 Non-alcoholic fatty liver 
disease

0.403532 1.95 2.68E- 
06

1.17E- 
04

1000 Oxidative 
phosphorylation

0.404908 1.92 7.96E- 
06

2.98E- 
04

1000 Carbon metabolism 0.417505 1.92 2.70E- 
05

7.84E- 
04

1000 PI3K-Akt signaling 
pathway

− 0.36114 − 1.71 2.54E- 
05

7.84E- 
04

1000 Human papillomavirus 
infection

− 0.35098 − 1.69 2.99E- 
05

7.84E- 
04

1000 Thermogenesis 0.323054 1.65 6.55E- 
05

1.56E- 
03

1000 Hippo signaling pathway − 0.40778 − 1.80 1.08E- 
04

2.35E- 
03

1000 Diabetic cardiomyopathy 0.332706 1.66 1.34E- 
04

2.65E- 
03

1000 Chemical carcinogenesis 
- reactive oxygen species

0.32471 1.66 1.41E- 
04

2.65E- 
03

1000 Glycolysis / 
Gluconeogenesis

0.473934 1.89 1.79E- 
04

3.13E- 
03

1000 Peroxisome 0.431592 1.87 2.17E- 
04

3.55E- 
03

1000 Pathways in cancer − 0.29999 − 1.51 3.45E- 
04

5.33E- 
03

Table 3 (continued )

Dose 
E171 
(μg/ 
mL) 

Description Enrichment 
Score 

NES p- 
value 

q- 
value

1000 Efferocytosis − 0.38661 − 1.71 4.95E- 
04

7.21E- 
03

1000 Nicotinate and 
nicotinamide metabolism

0.561887 1.93 5.98E- 
04

8.26E- 
03

1000 PD-L1 expression and PD- 
1 checkpoint pathway in 
cancer

− 0.43527 − 1.77 8.60E- 
04

1.13E- 
02

1000 Focal adhesion − 0.35897 − 1.61 9.47E- 
04

1.18E- 
02

1000 Thyroid hormone 
signaling pathway

− 0.39833 − 1.70 1.12E- 
03

1.27E- 
02

1000 Salmonella infection − 0.31842 − 1.51 1.10E- 
03

1.27E- 
02

1000 Fructose and mannose 
metabolism

0.526647 1.90 1.21E- 
03

1.32E- 
02

1000 Glyoxylate and 
dicarboxylate 
metabolism

0.543625 1.86 1.41E- 
03

1.48E- 
02

1000 PPAR signaling pathway 0.428051 1.74 1.67E- 
03

1.63E- 
02

1000 Parkinson’s disease 0.278374 1.45 1.63E- 
03

1.63E- 
02

1000 Th17 cell differentiation − 0.44231 − 1.76 1.74E- 
03

1.63E- 
02

1000 Ras signaling pathway − 0.33622 − 1.52 1.92E- 
03

1.73E- 
02

1000 Citrate cycle (TCA cycle) 0.512651 1.82 2.12E- 
03

1.85E- 
02

1000 Wnt signaling pathway − 0.3646 − 1.60 2.28E- 
03

1.93E- 
02

1000 Regulation of actin 
cytoskeleton

− 0.34121 − 1.55 2.45E- 
03

2.01E- 
02

1000 Growth hormone 
synthesis, secretion and 
action

− 0.3891 − 1.65 2.63E- 
03

2.09E- 
02

1000 TGF-beta signaling 
pathway

− 0.39364 − 1.63 2.83E- 
03

2.18E- 
02

1000 Caffeine metabolism 0.939017 1.63 3.02E- 
03

2.26E- 
02

1000 EGFR tyrosine kinase 
inhibitor resistance

− 0.42401 − 1.69 4.11E- 
03

2.99E- 
02

1000 Hedgehog signaling 
pathway

− 0.46209 − 1.68 4.94E- 
03

3.50E- 
02
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similar results, indicating that E171 can produce DNA lesions and 
chromosomal aberrations (Vieira et al., 2022; Ferrante et al., 2023; 
Proquin et al., 2018c; Dorier et al., 2017). Vieira et al. (2022) showed 
that pristine and digested E171 can induce DNA damage in intestinal cell 
lines using both the comet assay and the micronucleus test (Vieira et al., 
2022). Malaise et al. (2023) showed an increased number of foci in the 
nuclei in a murine endothelial monolayer model with the yH2AX assay 
(Malaise et al., 2024).

We also investigated transcriptional changes in colon organoids 
following a 24-h exposure to E171 via bulk RNA sequencing. Differential 
gene expression analysis showed 13 and 110 DEGs at 100 and 250 μg/ 
mL of E171 exposure, compared to control organoids. Our physico
chemical characterization of E171 showed that E171 at the dose group 
of 1000 μg/mL displayed a hydrodynamic diameter twice as large as the 
lower concentrations. This might be related to the high concentration of 
E171 in the stock solution, which exceeded the recommended maximum 
concentration as suggested in the NanoGenoTox dispersion protocol 
(Jensen et al., 2011). The increase in aggregation size potentially 
reduced the bioavailability of E171 at 1000 μg/mL, resulting in 0 DEGs 
with statistical significance. Exposure to such high in vitro doses of E171 
generally does not reflect the human situation but helps to compare the 
results to existing data in the literature and provides insights into 
physicochemical particle characteristics. Increased particle concentra
tion did not allow for a stable distribution of the particles, as indicated 
by an increasing aggregation size via DLS. However, increased aggre
gation size could not be further proven by spICP-MS (Helsper et al., 
2016; Frank et al., 2020; Mech et al., 2020). The discrepancies between 
the results from the DLS measurements and the analysis of the particle/ 
aggregate size via spICP-MS might be related to the different method
ological approaches (Helsper et al., 2016). DLS measures the HD, 
making it more sensitive for aggregates, while spICP-MS measures the 
core of the particles, which makes it less sensitive for aggregates, since 
those potentially sediment during the sample preparation process, 
especially at high concentrations, the likelihood of maintaining aggre
gates in the dispersion decreases (Helsper et al., 2016; Frank et al., 2020; 
Mech et al., 2020). On the other hand, the PDIs of the DLS measurements 
all displayed values that indicated a stable dispersion (PDI <0.2) and, 
therefore, can be considered relevant (Helsper et al., 2016; Mech et al., 
2020). While the effect of increased E171 aggregates did not show an 
effect on ROS formation or DNA damage, it reduced the effect of E171 on 
gene expression at 1000 μg/mL, potentially due to reduced 
bioavailability.

Following DEG analysis, we performed an enrichment pathway 
analysis, showing pathway alteration related to ribosomal activity and 
translation at 100 and 250 μg/mL of E171. We found enriched pathways 
indicative of DNA damage repair and correction mechanisms for faulty 
RNA, underscoring the coherence between increased DNA damage, as 
shown in the comet assay, and transcriptional response in the cells 
related to DNA/RNA damage. Interestingly, we also found pathways 
related to the Ras/Rab superfamily involving G-protein-coupled recep
tor (GPCR) signaling. Modulations of GPCR signaling pathways have 
consistently been reported following E171 exposure in RNA sequencing 
and microarray experiments in vivo and in vitro (Proquin et al., 2018a; 
Proquin et al., 2018b; Bischoff et al., 2022; Proquin et al., 2018d). We 
additionally found dysregulation in the Notch signaling pathway with 
the downregulation of the JAG1 gene, which is crucial in colorectal 
cancer development (Dai et al., 2014). We detected pathways that 
indicate the presence of DNA damage, as well as potential mechanisms 
linking the exposure of E171 to the development of colorectal lesions.

We also performed a GSEA to obtain further insights into the po
tential molecular mode of action of E171. GSEA depends on ranking the 
genes, which are analyzed and clustered into gene sets, assessing po
tential enrichments of said sets according to their stat-value in gene 
expression, which is a measure for effect size (log2foldchange) and set 
size (standard error). This approach allows the detection of sets of 
collectively enriched genes without displaying strong individual 

changes in those genes.
Our analysis also showed the most potent response of gene expres

sion changes at 250 μg/mL of E171, with activated gene sets that include 
ribosome, metabolic pathways, oxidative phosphorylation, chemical 
carcinogenesis – reactive oxygen species, peroxisome, diabetic cardio
myopathy, carbon metabolism, PPAR signaling, and glycolysis/ 
gluconeogenesis.

GSEA analysis showed a consistent activation of ribosome pathways, 
indicating transcriptional changes toward increased protein synthesis, 
cell growth, proliferation, and protein metabolism (Jiao et al., 2023; 
Nait Slimane et al., 2020). The activation of the ribosome pathway, in 
combination with pathways relating to increased metabolic activity, 
suggests an elevated need for energy, highlighting amplified cell pro
liferation and growth (Jiao et al., 2023; Nait Slimane et al., 2020). 
Several mouse models have reported increased proliferation and hy
perplasia of colonic tissue following E171 exposure, including a trans
genic mouse model (Urrutia-Ortega et al., 2016; Bischoff et al., 2022; 
Medina-Reyes et al., 2020). An additional increase in oxidative phos
phorylation, peroxisome activity, and glycolysis/gluconeogenesis dem
onstrates the colon tissue’s increased energy demand in the presence of 
E171. The reprogramming of the cell’s metabolism from the citric acid 
cycle to glycolysis and carbon metabolism, also referred to as the War
burg effect, is a hallmark of cancer and crucial to sustaining infinite 
proliferation and cell growth (Hanahan, 2022). Furthermore, the accu
mulation of metabolic waste and a lack of nutrients can influence nearby 
non-tumor cells and inhibit their survival (Zhong et al., 2022).

CRC often displays dysregulation in their ribosome biogenesis, 
mainly when arising from chronic ulcerative disease, exhibiting an 
upregulation of rDNA transcriptional activity (Brighenti et al., 2014). 
PPAR signaling activation has also been linked to cancer cell prolifera
tion, survival, and apoptosis and has been shown to be upregulated in 
inflammatory bowel disease and ulcerative colitis patients (Asgharzadeh 
et al., 2024; Annese et al., 2012). Alteration of other crucial signaling 
pathways, such as the PI3K-Akt-mTOR pathway, was linked to down
stream events following PPAR-beta activation (Asgharzadeh et al., 2024; 
Leiphrakpam and Are, 2024). PI3K-Akt-mTor pathways are also related 
to increased glycolysis and altered lipid metabolism, which in vivo 
contributed to tumor growth, invasion, and metastasis, highlighting the 
critical role of gene expression associated with these signaling pathways 
(Asgharzadeh et al., 2024; Leiphrakpam and Are, 2024; Chen et al., 
2024). The activation of the translation, Warburg effects, and PPAR 
suggest a significant upregulation of genes that drive a metabolic shift 
toward glycolysis. Metabolic reprogramming of cells is often associated 
with increased cell proliferation, which can contribute to hyperplasia, 
and indicate potential malignancy in the colon cells (Hanahan, 2022; 
Zhong et al., 2022).

Huang et al. (2015) indicated an upregulation of HIF-1 signaling 
genes, which are essential factors in the signaling of the Warburg effect 
and carbon metabolism, following the in vitro exposure to nano-TiO2, 
arguably due to increased formation of ROS (Huang et al., 2015). On the 
other hand, Kulthong et al. (2022) used a dynamic Caco-2 flow cell 
model to analyze the effects of E171 in vitro. They reported a down- 
regulation of HIF-1 signaling and glycolysis-related pathways, which 
stands in contrast with our findings (Kulthong et al., 2021).

Gene sets that showed a suppression following 250 or 1000 μg/mL 
E171 exposure included ECM-receptor interaction, human papilloma
virus infection, signaling pathways regulating pluripotency in stem cells, 
hippo signaling, PIE3K-Akt signaling pathway, pathways in cancers, 
focal adhesion, thyroid hormone signaling pathway, Wnt signaling 
pathway, regulation of actin cytoskeleton, PD-L1 expression and PD-1 
checkpoint pathway in cancer, efferocytosis, growth hormone synthe
sis, and hedgehog signaling. ECM receptor interaction, actin cytoskel
eton regulation, and focal adhesion are crucial in maintaining healthy 
tissue organization and cell function (Zucker and Vacirca, 2004; Filou 
et al., 2015). Disruption of their function is commonly seen in CRC and is 
the foundation of successful metastasis, particularly prominent in CRC 
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(Zucker and Vacirca, 2004; Filou et al., 2015; Ii et al., 2006). ECM 
provides structural support to tissue and helps to regulate cellular 
behavior via integrins. The suppression of ECM receptor interaction 
might mitigate cell adhesion and increase tissue disorganization, char
acterized as a hallmark of cancer, due to its facilitation of tumor pro
gression, increased cancer cell invasion, and metastasis (Hanahan, 2022; 
Filou et al., 2015; Ii et al., 2006). Focal adhesion links ECM to the 
cytoskeleton, transmits signals from the extracellular space to the 
intracellular space, and regulates cell survival, growth, and motility 
(Kanchanawong and Calderwood, 2023). Suppression of the focal 
adhesion pathway can weaken overall cellular architecture and might 
activate PI3K-Akt or mTor pathways, further promoting tumor pro
gression (Paul et al., 2020).

Suppression of signaling pathways included MAPK, Hippo signaling, 
PI3K-Akt signaling pathway, pathways in cancer, Wnt signaling, and PD- 
L1 expression and PD-1 checkpoint pathway in cancer, revealed a 
distinct pattern following the exposure to 250 or 1000 μg/mL E171. 
WNT signaling, a key player in colorectal cancer, through its modifica
tion and degradation of beta-catenin, has also been modulated in our 
experiment, showing yet another association between E171 exposure 
and CRC development. TiO2, especially in its nanoparticle form, has 
shown the potential to alter WNT signaling in different animal and cell 
models (Proquin et al., 2018b; Liu et al., 2017; Yu et al., 2020; Hong 
et al., 2017). Wnt cross-talk with Hippo signaling is important in 
maintaining organ size and cell proliferation by regulating apoptosis and 
inhibiting excessive cell growth (Fu et al., 2024). Suppression of Hippo 
signaling can lead to unregulated cell growth and potential tumor for
mation (Fu et al., 2024). PI3K-Akt signaling is a critical regulator of 
metabolism, growth, and survival, which supports epithelial cell sur
vival and protects against apoptosis in stress response (Leiphrakpam and 
Are, 2024). Its interplay with PD-L1 expression is an important regulator 
for the immune system (Chung et al., 2022).

These crucial pathways in the development of CRC are usually 
upregulated, while our findings indicate suppression of pathways and 
genes. However, our analysis showed that Axin 1 and Axin 2 were 
strongly suppressed in the Wnt signaling pathways. Axin1 and Axin 2 
function as inhibitors for beta-catenin production. Inhibition of Axin 1 
and 2 increases beta-catenin and leads to activation of cell proliferation. 
The suppression of, e.g., the WNT signaling pathway might be due to the 
short-lived exposure of only 24 h and compensatory cellular mecha
nisms, which try to counteract the activation of the Wnt pathways. This 
initial stress phase still indicates potential genes and mechanisms 
involved in the adversity of E171 exposure and represents an acute 
response. Prolonged exposure times might help better understand and 
crystalize the underlying mechanism and assist in the hazard charac
terization of E171 in colon organoids.

While our use of human iPSC-derived colon organoids provides a 
significant advancement in modeling E171 toxicity, there are some 
limitations to consider. Despite their improved complexity as compared 
to 2D models, organoids do not fully replicate the entire human 
gastrointestinal environment. Factors such as gut microbiota in
teractions, immune responses, and systemic metabolism cannot be 
entirely modeled in vitro. Additionally, while relevant for short-term 
toxicity assessments, this study’s exposure concentrations and dura
tions do also not represent chronic exposure scenarios typically experi
enced through dietary intake. Further considerations, particularly 
regarding our experimental setup, are related to the insolubility of E171 
in combination with a physical barrier around the colon organoids in the 
form of matrigel. The matrigel barrier makes an accurate dose prediction 
difficult. It limits the direct interaction of E171 with the colonic tissue, 
potentially underestimating the effect E171 has on the cells due to 
restricting their physical interaction. This is important since the physical 
interaction of E171 with the colonic tissue has been postulated as the 
primary mechanism, inducing adverse effects (Bischoff et al., 2020).

This study is among the first to employ human iPSC-derived colon 
organoids to assess the toxicological effects of E171. Unlike traditional 

2D cell cultures and animal models, these 3D organoids offer a more 
physiologically relevant model that closely mimics human intestinal 
tissue and provides a helpful tool to advance the field of toxicology and, 
in particular, nanotoxicology (Kim et al., 2020; Nikonorova et al., 2023; 
Taelman et al., 2022). Integrating a standardized RNA-seq processing 
pipeline in this model further enhances our understanding of the mo
lecular mechanisms driving E171 toxicity. It highlights potential bio
molecular processes contributing to E171-induced adverse events and its 
mode of action.

5. Conclusion

In conclusion, this study showed the potential toxicity of E171 using 
human iPSC-derived colon organoids. Our results indicate that E171 
exposure leads to a statistically significant increase in ROS. We observed 
increased DNA damage in both the standard and FPG alkaline comet 
assays, highlighting the genotoxic potential of E171 and its correlation 
with increased oxidative stress. Furthermore, RNA sequencing and 
subsequent pathway analysis showed that E171 significantly alters the 
expression of genes involved in signal transduction, DNA damage/ 
repair, and metabolic pathways. Activated pathways included ribosome 
function and a metabolic shift in colon cells, indicating the Warburg 
effect. We also detected suppression of pathways related to ECM mod
ulation, Wnt signaling, PI3K signaling, and cancer-related PD-L1/PD-1 
checkpoint pathways. These findings suggest a potential mode of action 
in which E171 induces oxidative stress and DNA damage, triggering 
cancer-related gene expression changes related to several cancer 
hallmarks.

The implications of this study extend beyond the immediate effects 
of E171 on colon organoids. Given the widespread use of E171 in food 
products and its potential health risks, our findings contribute to the 
growing body of evidence that questions the safety of E171. The 
observed modulations of gene expression and pathways align with 
previous animal studies and raise concerns about the long-term effects of 
E171 consumption on human CRC risk. Our results support the recent 
regulatory decisions in the EU to ban E171 as a food additive, under
scoring the need for further research into its long-term health 
implications.
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