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Abstract

The prospective use of food additive titanium dioxide (E171 TiO,) in a variety of fields (food, pharmaceutics, and
cosmetics) prompts proper cellular cytotoxicity and transcriptomic assessment. Interestingly, smaller-sized E171
TiO, can translocate in bloodstream and induce a diverse immunological response by activating the immune
system, which can be either pro-inflammatory or immune-suppressive. Nevertheless, their cellular or immunologic
responses in a heterogeneous population of the immune system following exposure of food additive E171 TiO,

is yet to be elucidated. For this purpose, we have used male Sprague-Dawley rats to deliver E171 TiO, (5 mg/

kg bw per day) via non-invasive intratracheal instillation for 13 weeks. After the 4 weeks recovery period, 3 mL of
blood samples from both treated and untreated groups were collected for scRNAseq analysis. Firstly, granulocyte
G1 activated innate immune response through the upregulation of genes involved in pro-inflammatory cytokine
mediated cytotoxicity. Whereas NK cells resulted in heterogeneity role depending on the subsets where NK1
significantly inhibited cytotoxicity, whereas NK2 and NK3 subsets activated pro-B cell population & inhibited T cell
mediated cytotoxicity respectively. While NKT_1 activated innate inflammatory responses which was confirmed
by cytotoxic CD8+T killer cell suppression. Similarly, NKT_2 cells promote inflammatory response by releasing lytic
granules and MHC-I complex inhibition to arrest cytotoxic T killer cell responses. Conversely, NKT_3 suppressed
inflammatory response by release of anti-inflammatory cytokines suggesting the functional heterogeneity of

NKT subset. The formation of MHC-I or MHC-Il complexes with T-cell subsets resulted in neither B and T cell
dysfunction nor cytotoxic T killer cell inhibition suppressing adaptive immune response. Overall, our research offers
an innovative high-dimensional approach to reveal immunological and transcriptomic responses of each cell types
at the single cell level in a complex heterogeneous cellular environment by reassuring a precise assessment of
immunological response of E171 TiO,.

*Correspondence:
Tae-Hyun Yoon
taeyoon@hanyang.ac.kr

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-03036-9&domain=pdf&date_stamp=2024-12-6

Perumalsamy et al. Journal of Nanobiotechnology (2024) 22:765

Page 2 of 18

Graphical Abstract

( Part 1. Sample preparation )

("Part 3. Data analysis )

E171TIO2NPs 5%

ok
,E::;S

00 .
*
~ @’ «
s 9; *\ /
1. Blood collection 7@* ‘
2. Barcoding

(__Part 2. Library construction and sequencing )
]

Library construction ~Tape station D1000

4, Amplification and Library construction 5. QC analysis with band intensity

30 20 10 0 10 20 30
t-SNE1

6. Data visualization

/ \7@@\8 @
V'Y
9 ‘@ |
Granulocytes NKT cells NK cells Monocytes
L ~ ]
(4 cytotoxiciy ) GEEH growth )
(f?ro—inﬂammatory genes )
(fInnateimmunereponse )
(fPro—inﬂammatory genes )

(*Adapﬁve immune response )

Keywords E171 TiO,, scRNAseq analysis, Rat peripheral blood mononuclear cells, Immune response, Heterogeneity

Introduction

Owing to their significant photocatalytic and physio-
chemical properties, food additive titanium oxide (E171
TiO,) have been widely used in cosmetics, the food
industry, and biomedical applications [1, 2]. However,
the European Food Safety Authority (EFSA) and the Food
and Drug Administration (FDA) in the United States
set specific regulations to avoid the use of E171 TiO, in
excess of 1% in items for human consumption and health
[2-5]. Furthermore, studies have reported that the use
of food additive E171 TiO, in toothpaste, food coloring,
and skin-protective cosmetics may lead to the progres-
sion of nanomaterial toxicity [6, 7]. Furthermore, due to
its multiple uses, nano- or micro-sized E171 TiO2 can be
ingested, altering intestinal barrier function and translo-
cating into the interior body [7-9]. Recent cohort study
demonstrated the titanium level in the patients with
active ulcerative colitis disease is higher than the healthy
donors [10]. Therefore, toxicological assessments must
be performed carefully to extend the industrial/ medical
application of E171 TiO, to address the increase in safety
concerns.

Understanding the toxicity of E171 TiO, on immune
cells has gained particular interest as they play a vital
role in the body defense mechanisms. Although toxic-
ity assessment of E171 TiO, was carried out in differ-
ent types of cell lines and in vivo models [8, 11, 12] their
results were unclear. Additionally, previous findings have
demonstrated TiO,/E171 causes negative effects due to
their translocation to the bloodstream, urine, or organs
via various inflammatory responses [1, 13].

Due to the heterogeneity of immunological leukocytes,
the immunological response in the human body can result
in various biochemical reactions that can be either hyper
or hypo-mediated, which can cause both organ damage
and immune dysfunction [14, 15]. Additionally, smaller
sized E171 TiO, in circulating blood leukocytes can cause
a variety of inflammatory allergic reactions by either acti-
vating the immune system or suppressing it due to gen-
eration of reactive oxygen species (ROS) that can be toxic
to cells or the immune system [16—19]. However, there is
no report on E171 TiO, translocation in blood lympho-
cytes and immunological responses at the single cell level
[8, 20]. Furthermore, the present accessible methods such
as flow cytometry, inductively coupled plasma mass spec-
trometry (ICP-MS), scChIP-seq for epigenomics data, and
mass cytometry or fluorescence-activated cell sorting for
proteomics data may provide single cell evaluation with
limitations such as panel parameter limitation, antibody
fluorescence spectra overlap, and numerous batch effect
experiment schedules [21-23] can only detect lymphocytes
identification rather than distinct transcriptional responses
at single cell level. In case of transcriptomic observation of
each cell types, bulk-RNAseq approaches have been per-
formed in various nanomaterials toward various human
cell lines [24-26], but the homogeneous responses may
cause misunderstanding in transcriptomic profiles since
blood immune leukocytes are heterogeneous and respond
diversely. As a result, an in-depth comprehension of the sys-
temic molecular processes that regulate phenotypic changes
in diverse immune cells in response after E171 TiO, is criti-
cal and yet to be established.
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Therefore, to our knowledge this is the first report to
explore the immune phenotypic and subset identifica-
tion in rat leukocytes after E171 TiO, exposure. In this
study we aimed to understand the heterogenous immune
subsets population and their transcriptomic changes
upon intratracheal instillation of E171 TiO,. Firstly, we
have attempted to perform in-depth high dimensional
scRNAseq analysis to uncover heterogenous immune
cell subsets responsible for immune related inflamma-
tory response. Next, we focused on exploring precise
cellular phenotypic identification and their distinct cel-
lular gene expression by 2D dimensionality reduction,
including tSNE visualization. Later, the major significant
immune cell types such as granulocytes, NK/NKT cells,
B and T cells were subjected to PhenoGraph clustering
analysis to reveal subset identification with their unique
gene expression. The functional annotation and hypoth-
esized molecular pathways of the majority of significant
differentially expressed genes (DEGs) were carried out
separately. Overall, the scRNAseq analysis provided a
comprehensive atlas of the heterogeneous immunologic
response exposed with E171 TiO, at single-cell level that
inspires translational research using animal models.

Materials and methods

Preparation of E171 TiO2 suspension

E171 TiO, (HOMBITAN® FG; purity 99.5%) was obtained
from Venator Germany GmbH (Duisburg, Germany.
As previously mentioned [11], to prepare the stabilized
E171 TiO, suspension in several aqueous solutions with
varying pH values, 10-640 mg of E171 TiO, powder was
added to 10 mL of pre-adjusted pH solution. To compare
the stability of E171 TiO, dispersed in 5 mM Phosphate
buffer (pH 8) and deionized water (DW), the average
hydrodynamic particle size was measured (Figure Sla).
The Zeta potential (mV) for pre-adjusted pH solution of
phosphate buffer was confirmed (Figure S1b). Further-
more, physio chemical characterization of E171 TiO2,
including TEM, DLS, and zeta potential was confirmed
by Han et al,, [11]. Finally, the concentration of E171 TiO,
has been modified to meet the oral toxicity test condition.

Animal groups and experimental design

Further, we investigated the potential immunotoxicity pro-
file of E171 TiO, after 13 weeks of intratracheal instillation
in Sprague-Dawley rats and assessed the reversibility of any
adverse effects during a 4-week recovery period (14-17
weeks). The rats were kept in established housing at room
temperature (23°C), humidity of 30-70%, and 12:12 light
cycle. Each group 0, 2.5, 5, and 10 mg/mL E171 TiO, con-
sisted of 10 rats to replace any rat that deceased during the
treatment period. A standard rat pellet diet (Lab Diet, PMI
Nutritional International, USA) was provided to the ani-
mals for 7 days until the completion of the treatment and
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recovery periods. In this study, all animal experiments were
conducted according to the National Institutes of Health
Guide for the care and use of laboratory animals (NIH Pub-
lications No. 8023) and all procedures complied with the
Animal Welfare and Guide for the Care and Use of Labo-
ratory Animals and were assessed by the Institutional Ani-
mal Care and Use Committee (IACUC) (approval number
N221019).

Dose administration

Animals were selected for this study based on adequate
body weight and the absence of clinical signs of diseases
or injuries. For each dose (2.5, 5, and 10 mg/mL bw E171
TiO,), a homogeneity test was performed prior to dosing,
and the formulations were administered by non-invasive
intratracheal installation once per day at the same time
each day for 13 consecutive weeks. The mean concentra-
tion of each formulation was acceptable if it was within
+15% of the nominal concentration. The animals were
administered a volume of 10 mL/kg. Mortality and mor-
bidity observations were conducted twice daily at the start
and end of working hours during the treatment period.

Sample collection and preparation

The 3 mL of blood samples were randomly collected from
abdominal vena cava of the 3 surviving animals of both
treated (2.5, 5 and 10 mg/kg bw) and untreated group from
recovery group were pooled individually to analyze the
quality of PBMCs. The collected blood samples were trans-
ferred into EDTA-treated tubes (BD Vacutainer®, USA), and
rPBMCs were isolated by density differential centrifugation
using Ficoll-Paque PLUS (GE Health Care Bio-Sciences,
Sweden) as previously reported [27, 28] and immediately
stored —80 °C. Later, the blood samples (rPBMCs) were
subjected to quality check using cell counter. Finally, 5 mg/
kg bw was chosen based on the various factors such as cell
number, cell viability and minimal dead cells etc., Among
the three different concentrations, 5 mg/kg bw showed
closest value to the lethal dose was chosen for scRNAseq to
assess significant immune-transcriptional changes.

scRNAseq sample preparation and analysis
The rPBMCs were analyzed using a 10x chromium sin-
gle-cell analyzer (10x Genomics Chromium, Pleasanton,
CA, USA) after isolation of blood samples from the E171
TiO, treated (5 mg/kg bw) and untreated groups. For
each replicate sample, approximately 18,000 cells were
processed, and the target cell recovery was selected as
10000 cells per sample. Single cell 3’ v3.1 gel beads were
used for GEM generation and barcoding which are made
of a primary mix with cell surface protein labels and par-
titioning oil added to a chromium chip (Fig. 1).

¢DNA amplification and post-GEM-RT clean-up
steps were successfully performed according to the
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Fig. 1 Schematic representation of experimental design. Dose dependent (2.5, 5, 10 mg/kg bw) intratracheal instillation of E171 TiO, were administered
once in a day for more than 13 weeks called as treatment periods. From 14 to 17 weeks was recovery period and blood collection were done 17th week
from 5 mg/kg bw for scRNAseq analysis. 10x chromium analysis, library preparation, and sequencing were performed at the single cell level for pheno-
typic identification and transcriptome observation, as indicated in the figure. Additionally, data visualization and processing were performed to assess

immunological response of heterogeneous immune cell types

manufacturer’s instructions (GEM Single Cell Kit V3.1,
Pleasanton, CA, USA). Amplified cDNA was used to cre-
ate a 3’ gene expression library, which was then loaded
into TruSeq read 2 using the manufacturer’s recom-
mended methods for end repair, A-tailing, and adaptor
ligation. An Illumina NextSeq 500 sequencer was used to
sequence the library-constructed samples to gain insight
into the heterogeneous immune leukocyte populations
between the treated and untreated rats (Fig. 1). All the
samples were subjected to quality control analysis using
a tape station equipped with D1000 and D5000 markers
(Agilent Technologies) (Figure S2).

scRNAseq data processing

A cell ranger was used to process the FASTQ files con-
taining the datasets of treated and untreated rat groups.
To exclude low-quality datasets from further process-
ing, the total unique mapped identifier (UMI) (1000 or
more than 2500 genes), abnormal mitochondrial genes

(greater than 11.9% transcripts), and doublets were used
to set the median line. Immediately after preprocessing,
treated and untreated samples were aggregated using the
IntegrateData function. The data were then combined
and uploaded to the R Seurat package (4.0.6) for further
analysis using R Studio and an updated version of the R
programming language (R 3.3.0). The “read10x” function
generated a seurat object from the barcodes, features,
and matrix files. For cell annotation, an unsupervised
automated clustering algorithm was used in conjunction
with the SingleR package. We used the ImmGenData ref-
erence in SingleR to identify the immune cell types based
on the expression of reference marker genes (Figure S3).

scRNAseq data visualization

To qualitatively observe transcriptomic changes in the
treated and untreated rat groups, we used t-distributed
Stochastic Neighbor Embedding (t-SNE) projections to
visualize high-dimensional scRNAseq data. The position
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of each cell in the 2D plot is provided in the t-SNE plot.
Alterations in the dot position revealed the impact of
both the treated and untreated rat groups. On the inte-
grated SEURAT object, the “RunPCA” (npcs=30) and
“RunTSNE” (dims=1:20) functions were used. Cell types
were used as labels on the t-SNE plots created using the
“Dimplot” function. Initially, an overall t-SNE plot of all
cells was generated with labeled major cell types, and
then separate t-SNE plots were generated for each major
cell type and labeled.

DEG analysis

After cell annotation using SingleR, we performed DEG
analysis on each cell subtype to identify the genes that were
upregulated or downregulated to examine the changes in
transcriptome profiles following AgNP exposure. For the
DESeq2 analysis, the “Findmarkers” function from the R
Seurat package was utilized. To identify how DEGs inter-
act and whether they have similar functions in both the
treated and untreated rat groups, string network analy-
sis (https://string-db.org/) was performed. The DAVID
platform (https://david.ncifcrf.gov/home.jsp) was used to
perform gene ontology (GO) analysis to reveal functional
enrichment, which included biochemical processes, cellu-
lar components, and molecular functions. Gene ontologies
were ranked in order of importance based on the number
of input genes included in each ontology. We selected the
top three to five ontologies for each category to evaluate
the data in relation to each group.

Statistical analysis

Statistical significance was assessed using the Mann-
Whitney U test. Statistical significance was set at p<0.05;
0.01<p<0.05,0.001<p <0.01 and p<0.001 are annotated
as *, **, and ***, respectively.

Results

Identification and visualization of heterogeneous immune
leukocytes

Transcriptional response in heterogeneous cell types
becomes more challenging, as each cell type may respond
differently owing to its unique characteristics (specific-
ity, immunological memory, and self/non-self-recogni-
tion). For the first time, we assessed the transcriptional
response of E171 TiO, in rPBMC at the single-cell level
using high-dimensional scRNA-seq analysis.

Figure 2a shows heterogeneous immune cell clusters
(#1-#8) from the treated and untreated groups, which
were visualized in a tSNE plot to show the differences
in cell type specificity. The expression of the reference
marker genes listed in Fig. 2b was used to identify various
immune cell types. Granulocytes were identified using
marker genes such as $100a8, S100a9, Igha, Tyrobp,
Grn, Vim, Cripl, and Ccl3. Similarly, Igha, Tyrobp, Vim,
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and Cripl represent monocytes, while Lgalsi, Trbc2,
Ccl3, Ccl4, Ccl5, Gzmm, and Nkg7 represent natural
killer (NK) and natural killer T (NKT) cells; the genes
Lgalsl, Trbc2, Gzmm, and Lefl represent T cells. Other
minor cell types, such as dendritic cells (DCs), innate
lymphoid cells (ILCs), macrophages, and gamma-delta
T cells (Tgd), were also identified based on reference
marker gene expression, as listed in Figure S3. Further-
more, the major cell types identified were as follows:
granulocytes, B cells, (NKT), monocytes, (NK) cells, T
cells, and other minor populations (Fig. 2c). Among these
cell types, NK cells, NKT cells, T cells, and monocytes,
showed population increment in the treated group than
in the untreated group (Fig. 2d). In contrast, granulocyte
population destruction was observed in the treated group
compared to the untreated group (Fig. 2d). The overall
gene expression in major cell types (total immune leu-
kocytes), including B cells, granulocytes, NK cells, NKT
cells, T cells, and monocytes, was visualized using a heat
map (Fig. 2e). The expression levels of genes from each
cell type showed substantially heterogeneous immuno-
logical responses in the treated group (Fig. 2e). Although
we visualized the population differences and overall
gene expression of major immune cell types in both the
untreated and treated groups, further in-depth profil-
ing is warranted to explore their functional diverse roles.
Because immune cells can produce cellular heterogene-
ity at various molecular and phenotypic levels, depending
on their reaction to foreign particles [29].

Granulocytes and their subsets initiated innate
inflammatory responses

Comprehensive profiling of granulocytes revealed sub-
set identification and population decrement in the
treated and untreated groups (Fig. 3a). Furthermore,
PhenoGraph clustering (PG) analysis identified four dif-
ferent subsets of granulocyte including G1, G2, G3 and
G4 (Fig. 3a). Additionally, Fig. 3b deficit heterogeneity
among the four different granulocyte subsets which was
identified by significant reference marker genes. A sig-
nificant decrease in the granulocyte population in the
treated group (Fig. 3c) resulted might be due to the fact
that the granulocytes can be destroyed when an inflam-
matory response (proinflammatory cytokines and che-
mokines) is triggered by external stimuli such as foreign
substances, pathogens, or parasites [30—34].

The volcano plot was used to confirm the DEGs of pro-
inflammatory responsible genes which showed a total of
1615 DEGs from granulocyte, among them 344 genes
were substantially expressed with up (151) and down
(193) regulation (Fig. 3d). Further, the granulocyte sub-
set, G1 played a significant role in inducing inflamma-
tory changes by upregulating Fnl, Camp, Ahnak, Fcnb,
Lars2, Lfit3, and Isgl5 genes, and by downregulating
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Fig. 2 scRNAseq analysis showed identification of heterogeneous immune cells and genes expression population; a. tSNE visualization of heteroge-
neous clusters and differences between the treated and untreated groups; b. The expression of important immune cell type reference marker genes was
visualized; c. Immune cell types were identified and visualized using tSNE in treated and untreated groups; d. Population differences between the two
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all cell types between treated and untreated groups

Iftm?7, Cstal, and Ccl3 (Fig. 3e). Gene ontology enrich-  genes (Iflitm?7, Ccl3, and Cstal) which may affect immu-

ment analysis (Fig. 3f) showed that the identified DEGs  nological hematopoiesis.

specifically, Camp is primarily involved in the potent reg- The other granulocyte subsets G2, G3 and G4 exhibited
ulation of immune cell homeostasis through the activa-  the least significant difference compared to G1; however,
tion of innate or adaptive immune responses [35], while  we still performed DEG analysis for G2 and discovered
Fnl, IfIt3, and Isgl5 are mostly involved in interferon-y  that the HESI and IFITM?7 genes were downregulated,
production [36, 37]. In our study, we demonstrated that whereas other genes, including Cstdc6, Csta3, Retnlg,
the upregulation of those inflammatory genes Camp, Isgl5, and Cstdc5 were significantly upregulated (Fig. 3g).
Fnl, IfIt3, and Isgl5 involves an innate immune response  Furthermore, we performed gene ontology for other
by inducing pro-inflammatory cytokines such as IL-1, granulocyte subsets and were unable to detect any clear
IL-8, and IFNy (Fig. 3f; Table S1). Furthermore, the evidence (Table S2). Furthermore, gene set enrichment
downregulation of Ifitm7, Ccl3, and Cstal inhibits the analysis (GSEA) was utilized to examine statistically sig-
expression including M2, and cystatin Al, which are nificant and concordant changes between the treatment
responsible for the suppression of the immune system and control groups to utilizing normalized enrichment
[38-40]. These findings clearly suggest that granulocyte score (Fig. 3h). Overall, our findings show that after being
G1 may influence the activation of early innate primary exposed to E171 TiO,, granulocytes induce immune tox-
defense through the upregulation of genes involved in icity via a hyperpro-inflammatory response, resulting in a

pro-inflammatory cytokine release; however, they also  population reduction.
suppress the hyperimmune response by downregulating
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NK cell subsets induced pro-inflammatory response after
treatment

Significant differences in the NK cell population between
the treated and untreated groups indicated that external
stimuli such as E171 TiO, influenced hyper- or hypo-
inflammatory responses. Therefore, we further stud-
ied the functional role of NK cells in identifying the
heterogeneous subsets responsible for immunological
responses. The PG analysis visualized differences in het-
erogeneous populations of NK cells and identified three
distinct subsets of NK cells, designated NK 1, NK 2,
and NK 3 (Fig. 4a). Subsequently, the population differ-
ences in each subset of NK cells were compared between
treated and untreated groups and a significant popula-
tion increase in the NK1 subset was noted in the treated
group when compared to that in the other subsets
(Fig. 4b). This clearly demonstrates that the treated group

activated NK cells response via cell surface receptors,
which may induce an innate inflammatory response [41].

To identify the genes responsible for the activation of
innate immune response in NK cells, complete DEGs
were carried out using volcano plot. Our results iden-
tified 8852 genes in total, of which only 88 were sig-
nificantly expressed, including 14 upregulated and 74
downregulated genes (Fig. 4c). Furthermore, DEG anal-
ysis for each NK cell subset was performed to identify
genes with significant differences in expression between
the treated and untreated groups. The significant upregu-
lation of Cd3g, 1d2, Lgalsl, and S100a9 in NK1 subsets
indicated the activation of the innate pro-inflammatory
response via the release of inflammatory cytokines such
as IL-6, IL-7, and IFNy [42, 43], whereas downregulation
of Fcerlg, Gzma, Sell (L-selectin), Prfl inhibited cell death
(Fig. 4d) [44]. This result suggests that the NK_1 subset
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may be involved in the induction of a pro-inflammatory
response in the treated group, without exhibiting toxi-
cological responses related to necrosis and/or cell death.
Further, Granzyme A (Gzma) is a serine protease that
releases cytotoxic granules and perforin (Prfl) is a gly-
coprotein that plays a role in pore formation during pro-
grammed cell death [45, 46]. Therefore, we searched for
the Gzma and Prfl genes and observed that the treated

group showed downregulation of cell death-related
genes in the NK_1 subset. These findings showed that an
increase in the NK_1 subset population in the treatment
group (Fig. 4b) simultaneously activated the release of
cytokines by suppressing cytotoxicity response.
Furthermore, to support our findings, we performed
network and GO analyses to reveal the heterogeneous
functional characteristics of the DEGs that are mainly
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involved in biochemical, cellular, and molecular func-
tions. In the NK_1 subset, almost all DEGs shared a com-
mon functionality, as shown by network analysis and GO
performance (Fig. 4e and f). The genes Tyrobp, Fcerlg,
Lgalsl, Prfl, Cd3g and S100a9 involved in biochemical
process demonstrated positive regulation of the inflam-
matory response (Fig. 4f; Table S3). Most of the genes
(Tyrobp, Fcerlg, Lgalsl, Prfl, Cd3g, Gzma, Sell, Baspl,
Kcnell and S100a9) involved in the cellular component
were found in extracellular regions including the plasma
membrane. In terms of molecular function, NK_1 subset
gene, such as Id2, Kcnell, Tyrobp, Fcerlg, Gzma, Sell, Prf1
and S$100a9, are involved in calcium and protein homodi-
merization activity in ion channel binding (Fig. 4f; Table
S3).

In the NK_2 subsets, Rrbpl, Bcl-2, Bhlhe40, Srgap3
and Clic5 were upregulated, Hbb-bt, Hba-at and Hbb-
bs were mostly involved in the hepatoglobin-hemoglo-
bin complex [45], and other genes (such as Mef2c, Ebf1
and Bcllla) were substantially downregulated (Fig. 4g).
Downregulation of the Hbb-bt and Hba-at genes may
involve the evasion of ROS-mediated antioxidants in NK
cells [47, 48]. To further confirm this finding, we identi-
fied that the activation of BCI2 (anti-apoptotic protein)
(Fig. 4g) contributed to the inhibition of intrinsically
mediated apoptosis. Hence, the treated group showed
a slight increase in NK_2 subsets compared with the
untreated group (Fig. 4b). Additionally, downregula-
tion of Bcllla and EbfI in NK cells may inhibit NK cell
proliferation, which is indirectly responsible for the acti-
vation of pro-B cells to mediate the adaptive immune
response [47, 49, 50]. In contrast, the upregulation of
Rrb1, Bhlhe40 helps increase the intracellular protein, the
upregulation of Srgap3 aids in NK cell activation [51, 52].

Despite the induction of an inflammatory response in
NK 2 subsets similar to that in NK_1, distinct differences
were observed among the genes involved in the inhibi-
tion of ROS-mediated antioxidant and intrinsic-mediated
apoptotic cell death in the treated group. Correspond-
ingly, network analysis (Fig. 4h) and GO functional
enrichment analysis (Fig. 4i) revealed that DEGs from
NK_2 involved two major roles, promoting B and T cell
proliferation & differentiation (Bcl11a, Bcl-2, and Mef2c)
(Fig. 4i) and other role was involving haptoglobin-hemo-
globin complex (Hbb-bt, Hba-al, and Hbb-bs) helpful in
the removal of cellular oxidant detoxification (hydrogen
peroxide catabolic process) (Fig. 4i; Table S4).

The other subset, NK 3, also showed considerable
changes in gene expression similar to the other NK sub-
sets. Genes including Cacnald, Tbrgl, Prfl, Baspl, Trdc,
and ArlSa were significantly downregulated, whereas
other genes including Cd3g, Trac, Ctsw, Lgalsl, and Vim
were upregulated, as shown in Fig. 4j. In particular, Cd3g,
Lgalsi, Prfl, and Baspl showed similar trends to those
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of the NK_1 subset (Fig. 4d). However, the other DEGs
showed unique expressions that was not found in either
the NK_1 or NK_2 subsets, indicating the diverse nature
of NK cells. The upregulation of Cd3g is mostly involved
in the activation of T cell development and regulation (
[53] indicating that NK cells may be involved in T cell-
mediated adaptive immune responses. The network
(Fig. 4k) and pathway enrichment analyses (Fig. 41) of
DEGs from each NK_3 subset was primarily involved in
immune system activation (adaptive immune response)
(Lgals1, Prfl, Cd3g, Trdc, and Vim) through the influ-
ence of external stimuli that helped in the maintenance of
defense responses (Fig. 41; Table S5). Overall, our findings
demonstrated that NK cells have a heterogeneous func-
tional role, with distinctive subset identification upon
E171 TiO,. Specifically, the NK_1 subset was mostly
involved in pro-inflammatory responses by suppressing
cytotoxicity, while the NK_2 subset was largely involved
in inhibiting pro-B cell activation, and the NK_3 subsets
were primarily engaged in activation of T cell-mediated
adaptive immune response.

Heterogeneous NKT subsets unravels diverse
immunological response

NKT cells are lymphocytes that express both NK cell sur-
face receptors and T-cell receptors (TCR), which are part
of the innate or adaptive immune response [54]. NKT cell
activation may influence host defense mechanisms via
innate or adaptive immune responses, which facilitate
immune system protection [55, 56]. In our study, NKT
cells showed a significant increase in the treated group
compared to the untreated group [54]. Tupin et al. dem-
onstrated that NKT cells have a diverse range of immune
responses, including tumor monitoring, self-tolerance,
and control of autoimmune diseases [52]. Therefore, sub-
set identification of NKT cells helps in the discovery of
distinct immunological responses under these circum-
stances. The UMAP plots of the overall NKT cell popula-
tions from both treated and untreated groups are shown
in Fig. 5a. Furthermore, total NKT cells were subjected
to PG clustering analysis, which revealed four different
heterogeneous subsets, namely NKT_1, NKT_2, NKT_3,
and NKT_4 (Fig. 5a). The heterogeneity of NKT cells was
clearly indicated by the expression of markers genes that
designated subset differentiation (Fig. 5b). The popula-
tion comparison of treated and untreated groups among
the NKT subsets is shown in Fig. 5¢c, and a substantial
population increment in treated group was observed in
NKT_1 followed by NKT_2. In contrast, a population
decrement was observed in the NKT_3 subset in the
treated group compared to that in the untreated group
(Fig. 5¢). These findings clearly indicate the diversity
in NKT cell functions by expressing population differ-
ences among the subsets. DEG analysis was performed
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to determine gene expression at the single-cell level in
each subset of NKT cells. Furthermore, DEGs of NKT
cells were identified and visualized in a volcano plot as
4478 in total, with the majority of them (2727) being
downregulated rather than upregulated (17) (Fig. 5d).
DEGs from the NKT_1 subset showed the upregulation
of the Zc3h7b, Lars2, and Itghl, whereas other genes,
including Fcerig, Spink2, Tcrg-v4, Trdc, and Epha5, were
downregulated respectively (Fig. 5e). The upregulation of
Lars2 (similar to G1, see Fig. 3e) may be responsible for
to release of pro-inflammatory cytokines which is capa-
ble of inducing inflammatory responses [57, 58]. Similar
to NK cells, downregulation of Fcerlg (see Fig. 4d) may
be involved in the inhibition of cell death [44]. Addition-
ally, downregulation of Tcrg-v4, and Trdc leads to the
failure of cytotoxic CD8+T Kkiller cell activation [59].
Furthermore, the downregulation of Spink2 and EphaS
(which are mostly involved in disease progression) [60]
leads to minimal immune activation and, prevents apop-
tosis-mediated avoiding apoptotic mediated cell death

[59]. GO enrichment analysis revealed that DEGs from
each subset had common functionality, with a possible
pathway based on biochemical processes, cellular com-
ponents, and molecular functions. The GO enrichment
analysis revealed responsible genes, including Fcerlg,
Itghbl, and Trdc which may be involved in phagocytic
engulfment via receptor internalization due to the cel-
lular response to the treatment. Along with Fcerlg and
Itgh, other genes, such as Epha5, Spink2, and Trdc were
mostly involved in the formation of cellular components
formation, such as formation receptor complexes (Table
S6). Our findings clearly showed NKT_1 subset activated
innate inflammatory responses upon treatment, how-
ever, further adaptive immunological responses may have
failed due to suppression of cytotoxic CD8+T killer cell
activation.

Correspondingly, the NKT_2 subset revealed 11
DEGs, of which Trbc2, Plcgl, Smc6, and Septl were
upregulated, whereas H2-aa, Cd74, Prfl, Arl5a, S100a9,
Tyrobp, and Cst3 were significantly downregulated
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(Fig. 5g). The upregulation of Plcgl and Trbc2 implies
cytotoxic T-cell differentiation with the positive regu-
lation of cytokine release [61, 62], whereas the highest
expression of Smc6 and Septl indicates the activation of
NKT cells, which may regulate the release of lytic gran-
ules during the phagocytic process. Downregulation of
S100A9 along with other genes (Cd74 and H2-aa) may
inhibit MHC I complex formation and prevent cyto-
toxic effects [63]. These findings are consistent with our
results, in which the population of the NKT_2 subset
was higher in the treated group than in the untreated
group. GO enrichment analyses revealed immune
response activation via positive regulation of IL-6, I[FN-,
and T cell differentiation, mostly through MHC com-
plex formation and initiation of the apoptotic process
(Fig. 5h). Furthermore, cellular component and molec-
ular function analyses revealed that the genes Cd74,
Tyrobp, H2-aa, Prfl, Cst3, Plcgl, and S100a9 were pri-
marily involved in lysosome formation, MHC-II com-
plex binding, and plasma membrane elevation (Fig. 5f;
Table S7). Thus, NKT_2 cells promote inflammatory
responses by releasing lytic granules, however MHC-I
complex inhibition may fail to initiate cytotoxic mediate
T killer cell responses.

Interestingly, the NKT_3 subset showed a population
decrement compared to the other subsets in the treated
group, indicating that NKT cells have diverse functional
aspects (Fig. 5¢). The subset NKT_3 showed downregula-
tion of Hba-a2, Ighm, Smc4, Rpl15, H2-ebl, Hbb-bs, and
Hba-al, whereas other genes, such as Ahnak, Fos, Lspl
and Bc005561 were upregulated (Fig. 5i). Similar to the
NK_2 (see Fig. 4g), Hbb-bs, Hba-al, and Hba-a2 were
downregulated leading to ROS-mediated inhibition of
apoptosis [47, 48]. Similarly, Ahnak, Fos, and Lspl may be
involved in the activation of cytokines such as M2, and
cystanin Al that helps to suppress NK cell activation to
maintain immune system hematopoiesis via initiating
IL-6 secretion.

Network analysis of the NKT_3 subset revealed Hba-
al, Hba-a2, Hbb-bs, Ighm, and H2-eblwere mostly
involved in the biochemical processes of cellular detox-
ification, hepatoglobin-hemoglobin complex formation,
and antigen processing presentation (Fig. 5j). Addi-
tionally, these genes were involved in oxygen transport
and iron and heme binding as cellular components and
molecular functions (Fig. 5j; Table S9). GSEA analy-
sis revealed that proposed route suggestions were less
significant for all NKT subsets (Fig. 5k). The NKT_4
subset doesn’t show any significant expression impact
compared to other NKT subsets (Figure S4). Overall, in
our study we revealed that functional heterogeneity of
NKT subset upon E171 TiO, treatment. In particular
NKT_3 mainly involving inhibition of ROS-mediated
cell death.
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Diverse immunological response by monocytes and their
subsets

Monocytes are prominent antigen-presenting cells
(APCs) with a natural propensity to ingest foreign par-
ticles via phagocytosis [64, 65]. Additionally, they stimu-
late cellular immunity via the major histocompatibility
complex, followed by exposure to nanomaterials [66, 67].
Our study revealed an increase in the monocyte popula-
tion in the treated group, indicating a cellular association
with reduced toxicity. We used PhenoGraph analysis to
reveal the diverse role and subset identification of mono-
cytes, and identified three distinct types of monocytes:
classical, non-classical, and intermediate monocytes
(Fig. 6a). The heterogeneous impact of monocytes was
displayed by significant marker gene expression and
(Fig. 6b) significant population differences among the
monocyte subsets were found (Fig. 6¢). Compared to
the untreated group, the treated group showed a popula-
tion decline in classical monocytes (Fig. 6¢). In contrast,
non-classical and intermediate monocytes demonstrated
a significant population increase (Fig. 6¢) in the treated
group compared to that in the untreated group. Among
the 1325 important DEGs, the volcano plots revealed
174 upregulated and 1151 downregulated genes (Fig. 6d).
Classical monocytes showed the fewest changes in gene
expression, particularly S100a8 and S100a9 were down-
regulated (Fig. 6e), which exhibit minimal activation
with minimal inflammatory responses [68, 69]. The other
genes, Ccl5, H2aa, and H2ebl, possibly involved in the
formation of the MHC II complex, were upregulated to
activate adaptive immune responses via T cell activation
[63]. GO ontology revealed the vital involvement of both
inflammatory genes (S100a8 and S100a9) and hepatoglo-
bin-hemoglobin (H2aa and H2ebl) in the inflammatory
response, positive regulation of T cells, and MHC II pro-
tein complex formation (Fig. 6f; Table S10).

In the case of intermediate monocytes, we observed a
significant population increase in cell types that might be
involved in primary defense mechanisms via anti-inflam-
matory responses to maintain homeostasis [70], promote
cell proliferation, and reduce apoptosis. However, DEG
analysis showed no substantial expression of the genes
(Fig. 6g). GO ontology revealed the active involvement
of Cd74, Ccl5, Apoe genes that contribute to the positive
regulation of chemokine ligand production and ERK1
and ERK2 cascades, respectively (Fig. 6h Table S11). In
the DEG analysis, non-classical monocytes showed sig-
nificant gene expression compared with both classical
and non-classical monocytes. Hbb-bs and Hba-al were
upregulated in the non-classical monocytes, whereas
Fgi2, Ifit3, Lrgl, 1l1b, Nudt4, S100a9, Ifit2, Isgl5, S100a8,
and Sell were significantly downregulated (Fig. 6i). Gene
ontology results revealed that they were mostly involved
in the positive regulation of the inflammatory response
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Fig. 6 T cell subset profiling. (@) UMAP visualization total T cells from the treated and untreated group were identified with various T cell subsets by Phe-
noGraph clustering analysis; (b) Reference markers gene expression to visualize heterogeneity of T cells; (c) Population differences of each subset from T
cells between treated and untreated groups; (d) The volcano plot revealed that completely expressed genes include both upregulated and downregu-
lated significant genes; e, f. Log2fold changes and DEGs from T1 cells were visualized in network analysis and by gene ontology enrichment analysis; g,
h, Gene ontology enrichment analysis, log2fold changes, and DEGs from T2 were visualized; i, j GSEA analysis significant T cells subsets including T1 and

T3 subsets

via the innate immune response by secreting interferon
alpha and gamma, which initiate the apoptotic process
(Fig. 6j). Similarly, the cellular components and molecular
functions of these genes showed that they were involved
in antioxidant activity, oxygen binding, and hemoglobin
complex formation (Fig. 6j; Table S12). GSEA analysis
revealed that inflammatory cytokines were significantly
downregulated in monocyte subsets exposed to E171
TiO, (Fig. 6k). In this section, we highlighted the diverse
roles of monocyte subsets. Classical monocytes initi-
ate an innate inflammatory response that may acti-
vate T cells. Whereas non-classical monocytes activate
anti-inflammatory responses by suppressing inflamma-
tory protein genes which may help to maintain immune
homeostasis as well as reduce cytotoxicity.

T cells mediated adaptive immune response in the
treatment group

Overall, the T cell population increased significantly in
the treated group compared with that in the untreated
group. However, revealing T cell heterogeneity is more

important for predicting population changes because
of their distinct roles as T helper or killer cells. In this
study, we performed PG clustering analysis of T cells,
which revealed four major subsets and two minor sub-
sets (Fig. 7a). The T cells subsets were annotated by the
expression marker genes as shown in Fig. 7b and named
as T1, T2, T3, T4, T5 and T5. Among the T cell subsets,
T1 exhibited a significant population increase, followed
by T3 (Fig. 7c). The volcano plot revealed DEGs of T cell
subsets, with 402 upregulated and 516 downregulated
genes out of a total of 4202 genes (Fig. 7d).

DEGs were analyzed for each T1 cell subset, and the
data were visualized with upregulated and downregu-
lated gene expression with significant fold changes. Fig-
ure 7e depicts the log2FC of significant genes from T1
cells such as Cd8a, Cd8b1, Gzmm, Ctsw, and Dusp2 were
substantially upregulated, whereas Neb, S100a4, S100a8,
and S100a9 were downregulated. Previous research has
suggested that T cell surface proteins, such as Cd8a and
Cd8b1, may be involved in the activation of the MHC
I complex when exposed to foreign particles [71, 72].
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Fig. 7 In depth profiling of monocytes. (@) UMAP visualization of total monocytes and subset identification in monocytes from treated and untreated
groups; (b) Markers gene expression of monocyte subsets to reveal subsets by PhenoGraph clustering analysis; (c) Population differences of each subset
of monocytes between treated and untreated groups; (d) Volcano plot diagram represents significant DEGs; e, f. DEGs with log2fold changes and gene
ontology analysis of classical monocytes; g, h. DEGs with log2fold changes were observed with upregulated and downregulated genes, and gene ontol-
ogy of non-classical monocytes; i. j. DEG analysis for intermediate monocytes visualized using log2fold changes, and gene ontology enrichment analysis.

k. GSEA analysis to detect enrichment score for monocyte subsets

Similarly, Cd84 and Cd8b1 expression in the T1 subset
indicates the initiation of MHC I complex activation via
E171 TiO, specific antigen detection. However, the acti-
vation of T1 subset helps maintain hematopoiesis against
inflammatory cytokine responses in both NK and NKT
cells (Figs. 4 and 5). This was due to the downregulation
of inflammatory proteins, such as $100a4, S100a8, and
S§100a9 (Fig. 7e), which may be responsible for fibrosis,
inflammation, and hyper-immunological responses [68,
73]. GO functional enrichment analyses revealed that
Cd8a, Cd8b1, and Gzmm shared functionality (Fig. 7f),
involving T cell-mediated immunity via adaptive immune
responses and intrinsic apoptotic signaling pathways
(Fig. 7f). Similarly, S100a8 and S100a9 might be involved
in cellular communication and the regulation of immu-
nological responses through molecular functions, such
as protein binding and antioxidant activity (Fig. 7f; Table
S13).

Similarly, the gene expression population T3 sub-
stantially increased in the treated group compared to

that in the untreated group. Genes from T3, such as
Ccnd2, Rplp0, Dst, Sorll, and Rpl31 were upregulated,
while Fosb, Cdnpf, Srgap3, H2-ebl, Bc005561, Cd79b,
and Arrdc3 were significantly downregulated (Fig. 7g).
Higher expression of Ccnd2 and RplpO resulted in the
upregulation and co-stimulation of CD8+T cell prolif-
eration [74, 75] through pro-inflammatory cytokine. The
downregulation of H2-ebl, Bc005561, Fosb, Srgap3, and
Cd79b represented MHC II complex inhibition, which
resulted in the failure of specific types of T cell activa-
tion in the treated group (Fig. 7g). GO ontology analysis
shown in Fig. 7h and detailed information was listed in
Table S14. GSEA analysis was performed on both sig-
nificant subsets, T1 and T3, and both revealed partici-
pation in the regulation of cellular metabolic processes
(Fig. 7i and j). In the case of T cells subset, particularly,
T1 subset mainly activates the CD8+ T cells prolifera-
tion and initiates the MHC-I complex upon initial asso-
ciation with E171 TiO,. But further adaptive mediate
immune response was suppressed by downregulation of
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inflammatory protein genes. Whereas T3 subset down-
regulates the genes which are involved in formation of
MHC-II may fail to induce further B cell mediated adap-
tive immune response due to B and T cell impairment.

B cell-mediated immunological response after treatment
Compared to the major immune cell types, B cells
showed very little impact in the treated group; hence, no
significant differences were observed between the treated
and untreated groups. However, we presume that the
heterogeneous functional roles of B cells might respond
differently because of their unique characteristics. There-
fore, we further analyzed B cell subsets to reveal their
heterogeneous characteristics using PhenoGraph cluster-
ing analysis (Figure S5). Our findings demonstrated that
no more significant alterations in B cell subsets denoted
impairment of B and T cell activation fail further anti-
body mediated response to E171 TiO,.

Discussion

Despite E171 TiO, is popularly used in various sectors
including food, most of their nanotoxicological studies
focused on non-oral routes of exposure especially inhala-
tion and dermal contact. Studies have also demonstrated
that E171 TiO, accumulates in various organs such as ali-
mentary canal, lungs, liver, heart, lung, kidneys, spleen,
cardiac muscle etc., Researchers proposed that E171
TiO, can translocate to the bloodstream, urine, or other
organs with no obvious changes in immune profile par-
ticularly in GI or blood [76, 77]. That being said, repeated
intratracheal administration of E171 TiO, may affect
absorption, aggregation, and tissue uptake by integrat-
ing with surrounding macromolecules [76, 78]. Another
study showed intratracheal installation administration
can increase number of B cells of splenocytes and blood
[79]. Whereas, nano-TiO, exposure by intratracheal
installation also increased NK cells number in lung [80].
Previous contradictory findings of toxicological and over-
all safety of E171 TiO, are still at the budding stage due to
gut immunological homeostasis, and therefore it remains
highly challenging to conclude regarding the human
safety [76]. Henceforth, we would like to re-confirm the
previous results of intratracheal installation of E171 TiO,
and to upgrade the understanding of adverse immuno-
logical response, we used high dimensional scRNAseq
to reveal heterogeneity immune cell subsets at single cell
level.

Although various in vitro and in vivo studies have
demonstrated the potential E171 TiO, immunomodula-
tory effects [76, 81-83] their understanding immuno-
toxicity at single cell level are still unknown. As a result,
knowing heterogeneous immune responses at the single
cell level provides in-depth knowledge that would be
extremely useful in industrial applications. For the first
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time, we used high-dimensional scRNA sequencing to
evaluate the immune-transcriptional response follow-
ing intratracheal installation of 5 mg/mL E171 TiO,
after 17 weeks of exposure at the single cell level. Gen-
erally, when there is an external stimulus, granulocytes,
NK/NKT cells can activate innate immune response that
can further stimulate T-cell mediated adaptive immune
response. Biomaterials are often considered as foreign
particles that can induce pro-inflammatory response
upon exposure that are truly influenced by several fac-
tors including size, coatings, surface area, charge, or
geometrical arrangements etc., They can trigger various
biochemical processes including activation of reactive
oxygen process (ROS), and interleukin formation [84].
It is also proved that E171 TiO, can deposit on the cel-
lular surface or inside the cellular organelles and trigger
oxidative stress signaling thus causing oxidative damage
to the cell [85]. Our study identified E171 TiO, altered
granulocyte population and their respective gene expres-
sion by upregulation of pro-inflammatory responsive
genes, downregulation of anti-inflammatory genes, and
decreased cell number thus resulting in innate immune
response. Further, exposure E171 TiO, to the granulo-
cytes triggered IL-1 and IL-8 mediated pro-inflammatory
response. This was in line with the previous report which
showed implanted biomaterials initiate the development
of multiprotein to mediate pro-inflammatory cytokines
such as IL-1 and IL-18 [86, 87].

Additionally, NK/NKT cell population showed
increased pro-inflammatory response but also
increased cell number thus exhibiting cytotoxicity
inhibition. In specific, NK1/NKT1 subset is mainly
involved in cytotoxic inhibition by ROS suppression.
Whereas NK2 and NK3 subsets might be involved in
pro-B cell activation, and inhibition of T cell devel-
opment respectively. Also, NKT2 and NKT3 might
be involved in inhibition of MHC-1 complex and
inhibition of cytotoxic effect respectively. Further-
more, acute effect of E171 TiO, specifically on vari-
ous immune cells are limited and most of them were
homogenous cell environment [2] and can often
be misleading to study heterogenous cell type like
PBMCs. Our study showed adaptive immune response
was suppressed even after hyper innate immune
response, which was confirmed by the downregulation
of T cell activation. Specifically, we identified impair-
ment of CD4+T cells mediated MHC-II complex for-
mation upon E171 TiO, treatment resulted in humoral
mediated immune response. Similarly, inhibition of
CD8+T cells induced MHC-1 complex formation
thus resulting in cell population increase. This result
indicates that E171 TiO, didn’t exhibit cytotoxicity in
T cells subsets which was shown by cell population
increase.
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Fig. 8 Overview of heterogeneous immunological response in treated groups at the single cell level, along with DEGs and GO results

Conclusion

Overall, scRNAseq analysis of Sprague-Dawley Rats
PBMCs exhibited heterogenous target specific immune
related toxicity responses upon E171 TiO, treatment.
Generally, all immune cell subsets such as granulocytes,
monocytes, NK/NKT cells activated innate immune
response whereas T cells involved in suppression of
adaptive immune response upon E171 TiO, treatment
(Fig. 8). Specifically, E171 TiO, treatment prolonged
hyper-inflammatory response mediated granulocyte
cytotoxicity thus inhibiting cell homeostasis. Whereas,
NK/NKT cells resulted in heterogeneity role depending
on the subsets, nevertheless none of the subsets signifi-
cantly exhibited cytotoxicity. Furthermore, pro-inflam-
matory response from granulocytes, NK and NKT cells
triggers monocyte into antigen presenting cells that initi-
ated MHC-I or MHC-II complexes which was confirmed
by the activation of T cell subsets implying suppression of
adaptive mediated immune response. Although our study
using scRNA-sequencing provides comprehensive inspir-
ing insights of immune cell types and subtypes changes
upon E171 TiO, exposure, certain limitations must be
acknowledged. Firstly, proper validation assays must be
done to support our findings, such as transcriptomic
changes in each immune cell type and their heteroge-
neous subsets. Predominantly, the DEGs from significant

immune subset involved in the immunological response
upon E171 TiO, exposure must be elucidated in order to
confirm their inflammatory-mediated pathway. Second,
our findings also didn’t reveal whether E171 TiO, were
internalized by any of the immune cell types which needs
to be confirmed in future studies.
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