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ABSTRACT

Micro and nanoplastics (MNPLs) are emergent environmental pollutants, resulting from the degradation of
plastic waste, requiring urgent information on their potential risks to human health. To determine such risks,
reliable true-to-life materials are essential. In this work, we have used titanium-doped PET NPLs [PET(Ti)NPLs],
obtained by grinding opaque milk polyethylene terephthalate (PET) bottles, as a true-to-life MNPLs model. These
opaque PET bottles, with an average size of 112 nm, contain about 3% Ti in the form of titanium dioxide rod
nanoparticles. TEM investigation confirmed the mixed Ti/PET nature of the obtained true-to-life NPLs, and the
rod shape of the embedded TiO,;NPs. In the in vivo Drosophila model neither PET(Ti)NPLs nor TiO;NPs reduced
the survival rates, although their internalization was confirmed in different compartments of the larval body by
using confocal and transmission electron microscopies. The presence of Ti in the PET(Ti)NPLs permitted to
quantify its presence both in larvae (2.1 + 2.2 pg/g of Ti) and in the resulting adults (3.4 & 3.2 pg/g of Ti) after
treatment with 500 pg/g food of PET(Ti)NPL, suggesting its potential use to track their fate in more complex
organisms such as mammals. PET(Ti)NPLs, as well as TiOoNPs, altered the expression of genes driving different
response pathways, inducing significant oxidative stress levels (up to 10 folds), and genotoxicity. This last result
on the genotoxic effects is remarkable in the frame of the hot topic discussion on the risk that titanium com-
pounds, used as food additives, may pose to humans.

1. Introduction

potential mechanisms of MNPL hazards, their extension to more repre-
sentative true-to-life MNPLs is required. These true-to-life MNPLs are

The high production/use of plastics is paired with the generation of
increasing levels of environmental plastic waste pollution. Once in the
environment, plastic wastes are submitted to direct and indirect stress of
various abiotic and biotic interactions which rips large plastic pieces
into micro- and nanoplastic (MNPLs) particles (Su et al., 2022). The
increased environmental presence of MNPLs has moved researchers to
design experiments aiming to identify, quantify, and evaluate the po-
tential hazards posed by MNPLs. Nevertheless, due to the lack of
representative MNPL, most of the studies have been carried out using
commercial pristine polystyrene MNPLs. Although this practical but
unrealistic material has permitted to lay the groundwork for the
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obtained by degrading plastic goods in the lab using different ap-
proaches. Thus, by sanding water polyethylene terephthalate (PET)
plastic water, PET MNPLs were obtained (Villacorta et al., 2022);
similarly, by grinding chewing gum high-density polyethylene (HD-PE)
plastic bottles, single-use polypropylene (PP) beverage glasses, and
polystyrene (PS) cutlery items, the three types of MNPLs were obtained
(Marchesi et al., 2023). Although the current approaches to producing
true-to-life MNPLs may not completely reflect those mechanisms taking
place in nature (their production is subjected to long-term exposures and
interaction with several factors), they present a step forward toward
exploring the expectable potential impacts of environmental MNPLs
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(Ducoli et al., 2022).

One important aspect to highlight of true-to-life MNPLs is that they
contain those additives initially incorporated during the production of
plastic goods, including food packages. Although the presence of metal
additives is strongly dependent not only on the type of plastic but also on
the intended use, the presence of titanium in opaque PET plastic bottles
used to pack milk is around 3% (Villacorta et al., 2023). The addition of
Ti, mainly in the form of rod TiO;NPs, provides the light protection
required by ultra-high-temperature (UHT) milk and minimizes gas
permeability.

Aiming to obtain true-to-life MNPLs opaque PET milk bottles have
been recently used as a source, and their physicochemical properties
have been extensively characterized (Villacorta et al., 2023). Interest-
ingly the obtained MNPLs showed TiO2NPs intruded in the PET matrix
and these complexes were stable both in dispersion and internalized into
cells. For these reasons, they have been proposed as an appropriate
material to determine the fate of MNPLs in complex organisms like
mammals. As a true-to-life MNPL model, the obtained PET(Ti)NPLs
would overcome the problems of synthetic metal-doped nanoplastics
proposed to such end (Mitrano et al., 2019; Clark et al., 2022).

Despite the potential usefulness of PET(Ti)NPLs in tracking the fate
of ingested/inhaled MNPLs in tissues and organs, their hazardous im-
pacts should not be overlooked. The complex metal-MNPLs can modify
the toxicological profiles of each component separately, as demon-
strated for silver and polystyrene NPLs in human intestinal Caco-2 cells
(Domenech et al., 2021) and in Drosophila (Alaraby et al., 2022b); and in
arsenic and polystyrene NPLs co-exposures, where oncogenic bio-
markers were exacerbated under an in vitro long-term exposure scenario
(Barguilla et al., 2022). Although no previous studies have been done
using TiOaNPs/MNPLs complexes, it should be remembered that con-
cerns about genotoxicity and accumulation of TiO;NPs after ingestion in
the body cannot be ruled out (EFSA, 2021).

To get sound information on the potential hazards associated with
PET-Ti-NPLs exposure we have used Drosophila melanogaster, as a well-
known multifunctional in vivo model (Alaraby et al., 2022b).
Drosophila has a mammalian-like intestinal system with a clear micro-
biota, a fat body resembling liver-equivalent oenocytes, and a genome
with high gene homology (60%) related to human diseases (Rubin et al.,
2000; Reiter et al., 2001). At the level of blood cells, plasmatocytes of
Drosophila (95% of the hemocytes), play a role in phagocytosis, tissue
remodeling, and cellular immune responses, like human macrophages,
and crystal cells and lamellocytes perform functions analogous to clot-
ting and granuloma formation (Buchon et al., 2014). Accordingly, we
have used Drosophila to understand the internalization of PET(Ti)NPLs
after oral administration. Furthermore, changes in the gene expression
of a wide set of genes involved in different functions, as well as oxidative
stress, and genotoxicity induction were determined. TiO;NPs effects
were also evaluated in parallel for comparisons.

2. Materials and methods
2.1. PET(Ti)NPLs obtention

PET(Ti)NPLs were produced as indicated in the recent publication of
Villacorta et al. (2023). In summary, small pieces (12 cm?) of opaque
milk bottles were ground with a diamond rotary burr accessory, and the
generated dust was sieved, dispersed in a heated (50 °C) trifluoroacetic
acid solution, stirred, and centrifuged. The obtained pellets were
resuspended in 0.5% sodium dodecyl sulfate, vigorously mixed, ultra-
sonicated, and finally, 1 mL aliquots were immediately frozen on cry-
otubes in liquid nitrogen and stored at —80 °C until further use. TiO;NPs
nanorods, as those used in the preparation of opaque PET materials,
were obtained from Chemours Company (Kallo, Belgium).
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2.2. PET(Ti)NPLs characterization

To determine morphology, size, and degree of aggregations, a
transmission electron microscopy (TEM, JEOL JEM 1400 instrument.
Tokyo, Japan) was used. TEM, working at 200 kV with energy-dispersive
X-ray spectroscopy (EDX), was used to detect titanium doped inside the
PET matrix. To pinpoint the behavior (Brownian movement and ten-
dency to aggregate) of PET(Ti)NPLs or TiO,NPs in suspension, a Zeta-
sizer® Ultra device from Malvern analytical (Cambridge, United
Kingdom) was selected to measure their dynamic light scattering (DLS)
and the Zeta potential. Fourier transform infrared spectroscopy (FTIR)
was used to identify the chemical composition (functional groups) to
confirm the polymer type (PET). To perform FTIR, a drop of the
dispersion was placed on a gold mirror and let dry for one week inside a
Petri dish and analyzed by a Vertex 80 device (Bruker Corporation,
Billerica, Massachusetts, USA).

2.3. Drosophila melanogaster (experimental design)

2.3.1. Egg-to-adult viability

The Canton-S strain was used in the experiments aiming to determine
the potential toxicity of PET(Ti)NPLs and TiO,NPs. Flies were kept at 24
=+ 0.5 °Cand a 65 + 5% relative humidity, with a 12 h light/dark cycle,
and fed with a standard medium. To proceed, eggs of Canton-S (6 h)
were counted and transferred into a treated instant medium (Carolina
Biological Supply Co., Burlington, NC). The treated medium contains 4 g
of dehydrated medium wetted with 10 mL of different concentrations of
PET(Ti)NPLs and TiO2NPs (12.5, 50, and 200 pg/mL food) equivalent to
(31.5, 125, and 500 pg/g food). The survival rates were determined by
counting the emerged adults from the treated media in comparison with
untreated ones (Milli-Q water hydrated medium). The experiments were
carried out with five replicates (50 eggs/vial) for each dose. In addition,
the emerged adults were carefully checked to detect any type of
morphological changes.

2.3.2. Internalization analysis

(i) Transmission electron microscopy investigation: To follow
PET(Ti)NPLs and TiO,NPs’ internalization fate inside Drosophila
larvae, our previous protocol was followed (Alaraby et al.,
2022a). To proceed, midguts of 3rd instar larvae were extracted
in phosphate buffer (PB; 0.1 M, pH 7.4), and fixed for 2 h in a
solution containing 4% paraformaldehyde and 1% glutaralde-
hyde in 0.15 M phosphate buffer, pH 7.4. For post-fixation and
staining, midgut tissues were treated with 1% (w/v) osmium te-
troxide containing 0.8% (w/v) potassium hexacyanoferrate for 2
h, followed by four washes with deionized water and sequential
dehydration in acetone. The fixed tissues were embedded in
Eponate 12TM resin (Ted Pella Inc., Redding, CA) and left to
polymerize at 60 °C for 48 h. Trypan blue-stained semi-thin
sections were investigated to determine the adequate midgut
regions for ultrathin sections (100 nm thickness). Ultrathin sec-
tions were cut with a diamond knife (450, Diatome, Biel,
Switzerland), mounted upon non-coated 200 mesh copper grids,
and contrasted with conventional uranyl acetate (30 min) and
Reynolds lead citrate (5 min) solutions, respectively. Finally, the
high contrast transmission electron microscopy TEM (JEOL 1400,
120 kV) was used to detect the presence of PET(Ti)NPLs and
TiOoNPs in the different compartments (gut lumen, intestinal
barrier, and hemolymph).

(ii) Confocal microscopy: The internalization of labeled PET(Ti)
NPLs in different tissues of Drosophila was investigated using a
Leica TCS SP5 confocal microscope, with an excitation wave-
length of 561 nm, and emission between 580 and 700 nm. To
label PET(Ti)NPLs from the surrounding biological tissues and
fluids, the textile-specific natural fluorescent dye (iDye poly Pink)
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was used (Villacorta et al., 2023). Briefly, 10 mg of iDye was
added to 1 mL of PET(Ti)NPLs (5 mg/mL), vigorously vortexed,
and incubated for 2 h at 70 °C on a glass tube. The stain-particles
suspension was left for 1 h at room temperature, then diluted
with 9 mL Milli-Q water, and centrifuged at 4000 rpm on an
Amicon® Ultra-15 centrifugal Ultracel®-100 K filter 1 x 10 5
MWCO for 15 min. Four days treated larvae with stained PET(Ti)
NPLs (500 pg/g food) were dissected with 1% PBS, and samples of
larval tissues and hemolymph were collected for confocal visu-
alization. Hoechst 33,342 (excitation of 405 nm and emission
collected at 415-503) will be used to stain nuclei (blue colored)
(0.5 pL/1 mL), while Cellmask (excitation of 633 nm and emis-
sion collected at 645-786) was used to stain cell membranes (red
color). Hoechst 33,342 and Cellmask concentration was 0.5 pL for
1 mL samples. The reflection property will be used for the
detection of metal hybrid MNPLs.

2.3.3. Internalized titanium (Ti) quantification

The amount of titanium internalized was quantitatively determined
in two different developmental stages (larvae and adults) after PET(Ti)
NPLs and TiO3NPs exposure. Drosophila larvae were divided into two
groups. In the first group, the treated larvae (PET(Ti)NPLs or TiO;NPs)
were collected after 120 h (five days) and stored at —80 °C. In the other
group larvae, whether treated with PET(Ti)NPLs or TiOoNPs, were
collected at 96 h of exposure (four days) and transferred into a new clean
untreated medium for 24 h to completely clean their midgut from the
treated medium, then collected again and stored like the previous group.
To determine the Ti content in adults, exposed larvae were allowed to
continue their development until reach the adult stage. The treated
adults were collected and stored for quantification analysis. The
experiment was carried out in five replicates, and untreated samples
were used as the negative control. The Ti content in untreated and
treated medium was determined to confirm the initial amount of Ti in
food. The samples (larvae, adults, and food medium) were incubated at
70 °C overnight to dry, weighed, and digested with a mixture of HNO3
and HF in a microwave oven for 1 h at 270 °C under high-pressure
conditions. The digested samples were diluted in HNO3 (1% v/v) with
a final volume of around 10 mL and weight. The Ti concentration was
detected using an Agilent Model 7900 Inductively Coupled Plasma Mass
Spectrometer (ICP-MS).

2.3.4. Gene expression analysis by real-time PCR

Changes in the expression levels of various genes, representative of
different regulatory-respond pathways, were analyzed. The pooled
genes included the Heat shock protein-70 (Hsp70), catalase (Cat) and
Cu, Zn superoxide dismutase (Sod2), 8-oxoguanine DNA glycosylase
(Oggl), dual oxidase (Duox), and peritrophin-A (Peri) (Alaraby et al.,
2015). The list of used primers for the studied genes is indicated in the
supplementary material (Table S1). Larvae were homogenized in TRI-
zol® Reagent (Invitrogen, Carlsbad, CA), and the total RNA was
extracted according to the manufacturer’s procedures, quantified using
a NanoDrop 1000 spectrophotometer, and treated with RNase-free
DNase to remove DNA contamination. RNA samples (2000 ng) were
reversely transcribed into c¢cDNA, using the Transcriptor First Strand
c¢DNA Synthesis Kit (Roche), following the manufacturer protocol, and
were kept at —20 °C until use. Furtherly, cDNA was polymerized by
Quantitative PCR using a LightCycler® 480 SYBR Green I Master
(Roche, Mannheim, Germany). The cycling conditions were 95 °C for 1
min, followed by 55 cycles of 95 °C for 1 min, and 65 °C for 30 s. Cycle
threshold (Ct) values were calculated with the LightCycler software in
comparison with untreated controls.

2.3.5. Oxidative stress determination

ROS levels were evaluated in hemocytes of four days larvae (~50
larvae are pooled from triplicate per dose) (Alaraby et al., 2018). PET
(Ti)NPLs and TiOoNPs treated larvae, as well as unexposed ones, were
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dissected in 1% PBS, and incubated with 5 pM 6-carboxy-2,7'-dichlor-
odihydro-fluorescein diacetate (DCFH-DA) at room temperature. Ten
fluorescent images were picked up using a fluorescent microscope with
an excitation of 485 nm and an emission of 530 nm (green filter) to
investigate fluorescent hemocytes (containing high ROS levels). The
quantitative analysis of the fluorescent images was performed using the
ImageJ program. The obtained data of treated larvae were compared
with those of untreated larvae. Hemocytes of untreated larvae incu-
bating for 30 min with 0.5 mM H30, were used as the positive control.

2.3.6. Genotoxicity experiments (the comet assay)

DNA damage levels after exposure to PET(Ti)NPLs and TiO,NPs were
determined in hemocytes of Drosophila larvae using the single-cell gel
electrophoresis (comet assay) as previously described (Alaraby et al.,
2020Db). Briefly, 3rd instar larvae (72 h) were transferred into a treated
medium (31.5, 125, 500 pg/g food) for 24 h. In parallel, wetted medium
with Milli-Q water and 4 mM EMS were used as negative and positive
controls, respectively. The experiment was performed in triplicate. He-
mocytes of about 100 pooled larvae of each dose were collected in clean
Eppendorf at 4 °C. To process, 10 pL of hemolymph (contains about
~10,000 hemocytes) was mixed carefully with 90 pL of 0.75%
low-melting agarose (at 37 °C) and dropped on the hydrophilic surface
of a cold Gelbond film (GBF). After lysis, electrophoresis, neutralization,
fixation, and staining, GBFs were mounted, covered with a coverslip,
and scored using a Komet 5.5 Image-Analysis System (Kinetic Imaging
Ltd., Liverpool, UK) fitted with an Olympus BX50 fluorescence micro-
scope equipped with a 480-550-nm wide-band excitation filter and a
590-nm barrier filter. Three replicates of 100 randomly selected nuclei
were analyzed per dose, and the percentage of DNA in the tail (% DNA
tail) was used as a measure of DNA damage (Langie et al., 2015).

2.4. Statistical analysis

The IBM SPSS Statistics 21 package was used to statistically analyze
the obtained results. Data were analyzed with Kolmogorov-Smirnov &
Shapiro-Wilk test and Levene’s test to detect their normality and ho-
mogeneity (viability data). One-way ANOVA was used to analyze the
data with normal distribution and equal variance, while the nonpara-
metric (Mann-Whitney U test) was applied for data showing skewed
distribution and unequal variance (all data except those of viability).
Data were presented in mean + standard error of the mean (SEM), and
the significant differences were calculated at the P < 0.05 level.

3. Results and discussion
3.1. Characteristics of PET(Ti)NPLs and TiO2NPs

In this study, titanium-doped PET NPLs were produced by grinding
milk PET opaque bottles (Villacorta et al., 2023). To deepen the
knowledge of the potential risk of environmental MNPLs, the obtention
of true-to-life MNPLs is crucial. In this sense, our results using secondary
MNPLs representative of those generated in the environment suppose an
important advance. As observed in Supplementary Fig. S1, the obtained
nanoplastics showed an irregular shape and a uniform distribution, as
detected using high-contrast TEM (Fig. S1A). TEM images showed small
black high-electron density dots (corresponding to TiO;NPs), in addition
to the low-contrast PET material. With the help of high-resolution
TEM-EDX methodology, the black dots incorporated within the PET
matrix were identified as titanium, and with a rod-like shape (Fig. S1E).
Interestingly, the morphology and shape of the embedded TiO;NPs
match very well with the rod TiO2NPs assumed to be used in the pro-
duction of opaque milk bottles (Fig. S1C). All the above indicated
demonstrates the success in obtaining PET NPLs imbibing TiOoNPs. In
using this material, one arising question is whether this hybrid material
remains stable over time. In our previous study, we demonstrated that
they remain stable both in dispersion and inside the cells since both
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signals (PET and Ti) colocalized in both conditions (Villacorta et al.,
2023). In addition to determining the potentially harmful effects of these
new true-to-life MNPLs, which is the objective of the present study, this
type of MNPLs can represent a useful tool to determine the fate of MNPLs
inside complex organisms such as mammalian models. In fact, the use of
metal-doped nanoplastics was already proposed (Mitrano et al., 2019;
Clark et al., 2022), but the proposals use complexes especially synthe-
sized for such ends, and consequently, they cannot be considered
representative of the real environmentally MNPLs. This gives special
relevance to the use and hazard evaluation of the obtained PET(Ti)NPLs.

3.2. Toxicity and internalization of PET(Ti)NPLs and TiO;NPs

The first approach when a new compound is tested is to determine its
potential toxicity in the used experimental model. In Drosophila, the
toxic effects measured as the ability of eggs to become an adult were
determined, but no toxic effects were detected despite using exposures
as high as 500 pg/g food. These doses are based on those used when PET
nanoplastics obtained from PET water bottles were used (Alaraby et al.,
2023). TiO2NP exposures were also unable to affect the egg-to-adult
viability, despite the high used doses (Supplementary Fig. S2). This
lack of a significant toxic effect of TiO;NPs on Drosophila was previously
reported by other authors (Carmona et al., 2015; Demir, 2020). It is
interesting to point out that the careful examination of the emerged
adults did not show any type of morphological abnormalities after
exposure to PET(Ti)NPLs or TiO;NPs (results not shown). Regarding
other types of MNPLs, our previous studies indicated that neither
polystyrene NPLs (Alaraby et al., 2022a) nor PETNPLs (Alaraby et al.,
2023) were able to affect the developmental ability of eggs to reach
adult status.

In addition to the potential systemic effects of a defined exposure, the
demonstration that the tested agent can be uptake and internalized into
the organism is another requirement to be covered in any sound
experiment. To obtain this type of information, the Drosophila larva is a
very useful model since its simple tubular intestine has been recruited to
follow the journey of different sorts of nanomaterials (Alaraby et al.,
2015; Alaraby et al., 2020). To such end, and using TEM methodologies,
the complete internalization pathways of PET(Ti)NPLs (Fig. 1) and
TiOoNPs (Fig. 2) were tracked at the different major compartments
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(intestinal lumen, intestinal barrier, and hemolymph). Thus, after four
days of feeding on a food medium containing PET(Ti)NPLs (500 pg/g
food), TEM permitted visualizing the distribution of PET(Ti)NPLs into
the larvae midgut lumen (Fig. 1A and B). The presence of Ti was
observed very close to symbiotic bacteria (Fig. 1C), crossing their
membrane (Fig. 1D), and leading to massive internalization and bacteria
death (Fig. 1E). These effects would agree with the observed after
TiOoNPs exposure upon commensal and transient food-borne bacteria
especially after chronic exposure, where low levels of gut bacteria were
observed (Radziwill-Bienkowska et al., 2018).

Furthermore, PET(Ti)NPLs were observed close to the peritrophic
membrane, which simulates the mucus of the mammalian intestine
(Fig. 1F), invading the intestinal barrier, and internalizing into midgut
enterocytes (Fig. 1G). The presence of PET(Ti)NPLs or TiOsNPs in
microvilli might induce dysfunction and disturbance of gut cells as
demonstrated in in vitro studies using Caco-2 cells (Faust et al., 2014).
Interestingly, when in vitro intestinal barrier models, constituted by
Caco-2/HT29 cocultures, were exposed to rod TiO;NPs alterations in the
intestinal barrier integrity, were observed (Garcia-Rodriguez et al.,
2018). Finally, we observed that PET(Ti)NPLs were able to translocate
through the intestinal barrier and deposited in the hemolymph (Fig. 1H),
as equivalent to blood in mammals.

Similar results were observed in larvae exposed to TiO2NPs. Their
higher contrast permits a better exploration of their internalization.
Taking this advantage, the unstained ultrathin sections showed TiO;NPs
distribution as small black dots at low magnifications in the intestinal
lumen, attached to the peritrophic membrane and inside enterocytes
(Fig. 2A-C). It was observed the low abundance of symbiotic midgut
bacteria of TiO2NPs treated larvae in comparison with those exposed to
PET(Ti)NPL. At this point, it should be remembered that the used PET
(Ti)NPLs only contain about 3% of Ti. With the high magnification,
TiOoNPs were observed attached and crossing the peritrophic mem-
brane (Fig. 2D and E) distributed inside the enterocyte’s microvilli
(Fig. 2F) and accumulated in specific vacuoles (Fig. 2G). Finally,
TiOoNPs penetrated the enterocyte membrane and internalized hemo-
lymph (Fig. 2H).

In addition to TEM, confocal microscopy is also a very relevant tool
to visualize PET(Ti)NPLs internalization in the different compartments
of the larvae body such as midguts, Malpighian tubes, hemolymph, and

Fig. 1. A complete journey of PET(Ti)NPLs after oral administration until reaching hemolymph (A-H). Particles of PET(Ti)NPLs were distributed in the larvae lumen
(A and B), close to or interacting with midgut bacteria (C and D), and inside bacteria (E) or close to the peritrophic membrane (F). PET(Ti)NPLs were able to move
inside the microvilli reaching the cytoplasm of enterocytes (G) and, finally, translocated to the hemolymph (H). (E, F, and G, images without contrast).
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Fig. 2. The complete journey of TiO,NPs internalization after oral administration, reaching the hemolymph (A-H). With magnification and without contrast,
TiO,NPs appear as small dark dots distributed in the larval lumen (A), and inside enterocytes’ cytoplasm (B). TiO,NPs are visualized on the exterior and interior sides
of the peritrophic membrane (C). Interestingly, D and E show the perforation mechanism of TiO;NPs through the peritrophic membrane. TiO,NPs are distributed
inside microvilli and lysosomes of enterocytes (F and G) and, finally, they reach hemolymph (H).

hemocytes (Fig. 3). Using this approach, differences in colors permit the
easy identification of plastic particles from the different cell compo-
nents. As observed, stained PET showed a green color, while TiO,NP
appeared as white dots using the reflection properties of Ti. In this way,
the complex PET(Ti)NPLs produce a twin white/green signal. Using

confocal microscopy, the distribution of PET(Ti)NPLs inside midgut cells
was detected (Fig. 3a and b). Confocal fluorescent images of midgut cells
demonstrated some white/TiOoNPs signals on the cytoplasm (Fig. 3a),
predominance in microvilli (Fig. 3b). Although potentially those signals
could reflect some release of Ti from PET(Ti)NPLs, the most probable is

Fig. 3. Fluorescent confocal images showing the internalization of PET(Ti)NPLs in the midgut (a, b), Malpighian tubes (c), and hemolymph including hemocytes
(d-f). PET-NPLs show absorption and emission spectra of “green” (orange arrows), while Ti is detected with its reflection property (white dots, yellow arrows). Both
particles of PET-NPLs and TiO,NPs are distributed inside enterocytes’ cytoplasm (a), but TiO,NPs are mainly visualized in the midgut microvilli (b). PET-NPLs and
TiO,NPs are distributed in the cytoplasm of Malpighian tubes with a huge amount of TiO,NPs inside their lumen (c). PET-NPLs and TiO,NPs are colocalized and
distributed in the hemolymph (d), internalizing hemocytes (e), with Ti signals mainly observed in the hemocytes membrane matrix (f). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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that they represent the real mixture but a small presence of the PET
component. However, some PET(Ti)NPLs are distributed very close to
the enterocyte nucleus (Fig. a). Interestingly PET(Ti)NPLs were seen
inside the Malpighian tubules (Fig. 3c). These tubules constitute the
main part of the insect excretory system (Cohen et al., 2020) and are
considered part of the renal system since contain multiple cell types and
regions and generate primary urine by transcellular transport. Since
many genes with key roles in the human kidney have Drosophila
orthologues, the renal system containing the Malpighian tubules is
proposed as a suitable model for studying human kidney pathologies
(Dow et al., 2022). Finally, PET(Ti)NPLs were found distributed in he-
molymph (Fig. 3d), attached to hemocytes (Fig. 3e), and accumulated
inside the hemocytes’ cytoplasm and membrane matrix (Fig. 3f).

3.3. Quantification of Ti content in exposed larvae and in the resulting
adults

After the qualitative/descriptive presence of PET(Ti)NPLs detected
by TEM and confocal microscopy, the presence of Ti in the PET(Ti)NPLs
(and obviously in TiO2NPs) can be quantitatively measured by ICP-MS.
To avoid the bias resulting from the PET(Ti)NPLs/TiO;NPs present in
the intestinal tract, the lumen was “cleaned” by moving the exposed
larvae to a new food medium (without PET(Ti)NPLs/TiO5NPs) for 24 h.
As expected, significant decreases in the amount of Ti were observed in
the “cleaned” larvae regarding those maintained all the time in food
containing PET(Ti)NPLs/TiO,NPs. This was true for both the larvae
exposed to PET(Ti)NPLs (Fig. 4A) and for those exposed to TiO;NPs
(Fig. 4B). Interestingly, the observed effects were clearly dose-
dependent. Thus, unclean midgut larvae contain 2.0 + 1.2 and 12.5
+ 2.7 pg/g of titanium, while those with clean midgut have 0.9 + 0.7
and 2.1 + 2.2 pg/g after being exposed to 125 and 500 pg/g food of PET
(Ti)NPLs (Fig. 4A). It is worth pointing out that the amount of Ti in
unclean larvae midgut (12.5 & 2.7 pg/g) is higher than that located in
the food medium (10.5 + 0.7 pg/g) which would indicate some type of
accumulation. Regarding the exposure to TiO;NPs, the Ti content in
unclean midguts larvae was 72.5 + 12.1 and 347.2 + 43.1 pg/g after
exposures to 125 and 500 pg/g food, which was reduced to 6.4 + 2.5
and 45.4 &+ 10.2 pg/g once the intestine was clean. When the amount of
Ti in TiO2NPs exposed larvae was measured, although the values were
much higher than those above indicated, accordingly to the exposure
levels, the general internalization behavior was similar (Fig. 4B). The
amounts present in the larvae with unclean midgut (347.2 £+ 43.1 pg/g)
were significantly (p = 0.017) higher than those present in the food
medium (288.0 + 9.0 pg/g) wetted with 500 pg/g food TiOoNPs. This
would confirm the accumulation of Ti by the exposed larvae, possibly in
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the Malpighian tubules (Fig. 3d-e).

It is interesting to point out the results obtained with the adults
resulting from the exposed larvae when the amounts of Ti in their bodies
were determined. It should be remembered that Drosophila is an insect
with complex metamorphosis where larvae after reaching the third
instar, became pupae where all tissues are destroyed, and the adult is
constituted from the primordial cells constituting the different imaginal
disks of the larvae (Hall and Martin-Vega, 2019). The obtained levels of
Ti in the adults were 1.3 + 0.9 and 3.4 + 3.2 pg/g when they were
exposed during the larval stage to 125 and 500 pg/g food of PET(Ti)
NPLs. Analogously, the values were 15.4 + 7.8 and 30.5 + 10.0 pg/g for
adults emerging from larvae exposed to 125 and 500 pg/g food of
TiOoNPs (Fig. 4C). Unfortunately, no studies have been found quanti-
fying the levels of metal nanoparticles in the exposed larvae and in the
resulting adults. Nevertheless, our results would explain the results
obtained in larvae exposed to AgNPs where high levels of this nanometal
were determined inside the pupae. In such cases, although the levels of
AgNPs were not determined in adults, the effects observed in the
development of adults as well as ROS-mediated stress responses were
attributed to the exposure in the pupae larvae stage (Mao et al., 2018).
However, the exitance of Ti in flies’ tissues could mediate development
impacts. In this regard, TiO,NPs significantly reduced the progeny of the
fruit fly through declining female fecundity (Philbrook et al., 2011).
Further research should be designed to highlight the impacts of metal
nanoparticles, especially those doped plastic products, across different
generations after exposure.

It is remarkable to point out that the accumulation of TiOoNPs in the
larval body is dependent on the shape, with nanorod levels being higher
than those of nanowires or nanospheres under equivalent exposure
doses, as observed by Alaraby et al. (2021). It should be remembered
that titanium nanorods were those constituting the PET(Ti)NPLs and the
TiOoNPs used in this study. Furthermore, the observed accumulation of
Ti in the body is relevant mainly under chronic exposure scenarios, as
used in our study where larvae were exposed all their life until they
reach the pupae stage. In fact, this bioaccumulation inside the gut was
already reported in rats exposed to relatively low doses of TiOyNPs
(Ammendolia et al., 2017). Similarly, in several marine bivalve mollusks
the internal levels of different metals, including Ti nanomaterials, were
higher than the concentration measured in seawater (Xu et al., 2020).

3.4. Molecular responses to PET(Ti)NPLs and TiO;NPs exposures

The internalization of xenobiotic agents can affect cell homeostasis
and these effects can be manifested immediately after exposure, as
changes in the expression levels of genes involved in different pathways.

Fig. 4. The titanium content in larvae exposed to PET(Ti)NPLs (A), to TiO,NPs (B), and in the resulting adults (C). *P < 0.05, **P < 0.01, ***P < 0.001 (exposed vs
unexposed). (a) Indicates significant differences between doses (500 vs 125 ug/g food) and (b) indicates significant differences between larvae with clean and unclean

midguts for the same concentration (Mann-Whitney U test).
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Latter effects can occur depending on different factors including the
exposure levels. For such reason, the use of one battery of genes involved
in the general response to xenobiotics should be included to identify the
quick response of the tested organism to a defined exposure. It is worth
mentioning that according to the selected genes, information on the
involved mechanisms of action can also be reached following this
approach. In our case, we have selected eight genes involved in different
pathways These genes are considered a standard battery that has proved
to be useful in detecting the harmful effects induced by nanoparticles
(Alaraby et al., 2021) and nanoplastics (Alaraby et al., 2020b). The
obtained results are presented in Fig. 5.

As observed, the heat shock protein (Hsp70) gene was significantly
down-regulated for both compounds regardless of the dose, with a
slightly higher impact after PET(Ti)NPLs exposure. The two genes
regulating the expression of antioxidant enzymes (Cat and Sod2) were
also deregulated, but in the opposite direction since while Cat expression
was down-regulated, Sod2 expression was up-regulated in a dose-
dependent manner after exposures to PET(Ti)NPLs or TiO;NPs; the ef-
fects induced by TiO;NPs being more marked. Regarding the effects
induced on the expression levels of the DNA repair gene (Oggl), they
were significantly de-regulated with different doses of both PET(Ti)NPLs
and TiO,NPs. Finally, the selected genes modulating the integrity of the
intestinal barrier (Duox and Peri) showed significant de-regulation but,
while the expression of Duox showed an upward trend, Peri expression
was downregulated with all doses of both tested agents.

Herein we have detected the ability of PET(Ti)NPLs to deregulate
various response pathways at all studied doses, in a similar way that was
observed with TiOaNPs exposures. It is remarkable the dose-dependent
increases observed in the expression of Sod2 after the exposure to
TiO,NPs which could be attributed to the effect of the metal itself, as it
was observed when Drosophila was exposed to different metals, such as
aluminum (Wu et al., 2012), AgNPs (Alaraby et al., 2019), and CAONPs
(El Kholy et al., 2021). Increases, although not at these high levels, were
also observed in the larvae exposed to PET(Ti)NPLs. Although these
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lower increases could be attributed to the low concentration of Ti, it
must be pointed out that Sod2 expression was observed to be signifi-
cantly increased after exposures to PET-NPLs obtained from PET water
bottles (Alaraby et al., 2023). Another important finding is the over-
expression of Duox, which is a ROS-producing nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, involved in the generation of
hydrogen peroxide and acts as the innate immune response strategy to
combat pathogens, as occurs also in humans (Capo et al., 2019). This
would indicate that exposure to PET(Ti)NPLs is causing severe effects on
the gut microbiome since Duox acts as a good sensor of microbiota
dysbiosis involved in maintaining intestinal homeostasis in insects (Yao
et al., 2016).

3.5. Oxidative stress induction by PET(Ti)NPLs and TiO2NPs exposures

To highlight the potential ability of Ti-doped NPLs, as well as
TiOaNPs, to increase the intracellular ROS levels, hemocytes of the
exposed larvae were examined using DCFH-DA, as a well-accepted ROS
probe. Fluorescent representative images were analyzed and the ob-
tained data are drawn in Fig. 6A. As observed, both PET(Ti)NPLs and
TiOoNPs induced elevated levels of oxidative stress in a dose-dependent
manner, reaching about 9.5 folds at the highest dose (500 pg/g food) of
both compounds, with respect to background ROS levels observed in
untreated flies. The lower doses of PET(Ti)NPLs caused more ROS in-
duction (especially at 31.5 ug/g food) than those induced by TiOaNPs. It
should be remembered that the levels of TiO,NPs in PET(Ti)NPLs are
only 3% which indicates that the effects of the complex are basically
induced by the PET component.

Among the most abundant ROS, superoxide stands out and SOD
enzymes catalyze its breakdown into hydrogen peroxide and water
(Landis and Tower, 2005). Although the up-regulation of Sod2 aims to
reduce the oxidative stress levels, it was insufficient to overcome the
excessive ROS generated by the exposure (Petkovic et al., 2011) which
would explain the high level of intracellular ROS observed in hemocytes

Fig. 5. The molecular response of larvae treated with PET(Ti)NPLs and TiO>NPs. The expression of different genes including general stress (Hsp70), oxidative stress
(Cat and Sod2), DNA repair (Oggl), and intestinal physical stress (Duox, Peri) genes was determined. The horizontal dotted line corresponds to the control values.
Relative values are expressed. *P < 0.05, **P < 0.01, ***P < 0.001 (Mann-Whitney U test).
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Fig. 6. (A) Oxidative stress produced in Drosophila larvae hemocytes exposed to different doses of PET(Ti)NPLs and TiO,NPs. (B) Percentage of DNA damage in
Drosophila larvae’ hemocytes exposed to different doses of PET(Ti)NPLs or TiO,NPs. The horizontal dotted line corresponds to the control values. *P < 0.05, **P <
0.01, and ***P < 0.001 (Mann-Whitney U test was used to analyze the data with non-homogenous variance).

after exposures to both PET(Ti)NPLs and TiOyNPs. Furthermore, the
observed downregulation of the cat gene could also be correlated to an
increase in the generation of ROS.

It is assumed that the main mechanism underlining the toxic po-
tential of TiOoNPs involves ROS production (Grande and Tucci, 2016).
In fact, the only two studies using Drosophila and testing ROS levels
induced by TiO2NPs observed significant increases in such levels
(Demir, 2020; Alaraby et al., 2021). Interestingly, TiOoNPs exposure
alters glucose transport across the intestinal epithelium, damaging in-
testinal microvilli (Richter et al., 2018) and this would explain the
overexpression of Duox as a response to gut damage which, in turn,
would explain the high levels of ROS. Nevertheless, the ROS induced by
PET(Ti)NPLs cannot be attributed only to the TiO;NPs since PETNPLs
were reported to induce ROS in human primary nasal epithelial cells
used as a model of the first barrier of the respiratory system (Annangi
et al., 2023).

3.6. DNA damage induction by PET(Ti)NPLs and TiO>NPs exposures

The ability of PET(Ti)NPLs and TiO;NPs to induce DNA damage was
explored in hemocytes of Drosophila larvae using the comet assay, as a
tool to detect DNA breaks. As observed in Fig. 6B both, PET(Ti)NPLs and
TiOoNPs were able to induce significant increases in the levels of DNA
damage. Interestingly, the observed effects were dose-dependent, with
higher genotoxic effects associated with TiO;NPs exposure.

Among the different harmful effects induced by environmental
agents, the ability to damage DNA stands out. This is because it is well
known the a strong association between DNA damage induction and
drastic health consequences for humans (Carbone et al., 2020).
Accordingly, determining the genotoxic effects induced by exposure is of
special relevance. The genotoxicity of titanium compounds, including Ti
nanoparticles, is a controversial issue mainly due to the recent position
of the European Food Safety Authority (EFSA) announcing that it is not
possible to rule out the genotoxicity from titanium dioxide and therefore
it “can no longer be considered as safe when used as a food additive”
(EFSA, 2021). In this context, our results showing the ability of TiOoNPs
to induce DNA damage in Drosophila acquire a special relevance. It must
be stated that different shapes of TiO,NPs have been shown to exert
genotoxicity in Drosophila using different approaches (Demir, 2020;
Alaraby et al., 2021), and when flies were exposed to doses simulating
the estimated daily consumption concentration in humans in a
long-term exposure scenario lasting for 20 generations (Jovanovic et al.,
2018).0ur positive results in the genotoxicity assessment agree with the

observed increased levels of oxidative stress induced by TiOyNPs,
although it has been proposed that the genotoxicity would be a sec-
ondary effect of the induced physiological stress more than a direct ef-
fect on DNA (Kirkland et al., 2022).

Regarding the positive genotoxic effects induced by PET(Ti)NPLs
they could be attributed to the TiO;NPs, but the effect of the plastic itself
cannot be discarded. The genotoxic potential of MNPLs is under dis-
cussion, although some examples point out genotoxic effects. Focusing
on true-to-life PETNPLs, two recent papers have recorded genotoxic data
in cell cultures. In a preliminary study using monocytic THP1 cells,
PETNPLs resulting from sanding commercial water PET bottles do not
exert genotoxic effects in the comet assay (Villacorta et al., 2022). This
lack of effects can be attributed to the short exposure time (3 h) and the
relatively low concentration (50 pg/mL) used, although possibly also to
the used cell lines. Thus, when THP-1 cells were differentiated to
macrophage-like cells they showed more sensitivity to polystyrene
MNPLs exposures (Visalli et al., 2023). On the other side, using PETNPL
samples obtained by grinding transparent plastic food containers, sig-
nificant increases in the levels of strand breaks were observed in Caco-2
and HepG2 cells (Roursgaard et al., 2022). Finally, the testing of the
PETNPLs resulting from sanding commercial water bottles induced both
oxidative stress and DNA damage induction (comet assay) when tested
in Drosophila (Alaraby et al., 2023).

4. Conclusions

The presence of TiOoNPs embedded in the PET polymer of opaque
milk bottles was confirmed with TEM and ICP-MS methodologies. The
TiOoNPs of PET(Ti)NPLs have a similar diameter to that of selected
nanorod(TiO;NPs) evaluated in parallel, which would confirm their
chemical nature and shape. Interestingly, these PET(Ti)NPLs have
shown their suitability to follow their journey inside the larval body,
with a negative impact on the abundance of commensal microbiota and
reaching the hemolymph compartment, once translocated the intestinal
barrier. In addition to tracking their presence in the body, PET(Ti)NPLs
have been shown to be useful in quantifying their internalization
permitting observing their bioaccumulation inside the body, mainly in
the excretory organs such as the Malpighian tubules. Both PET(Ti)NPLs
and TiO,NPs were able to produce a wide range of hazardous effects by
altering gene expression of different response pathways, producing
dose-dependent oxidative stress and DNA damage. Interestingly, those
effects induced by PET(Ti)NPLs were not completely attributed to the
TiO2NPs component, and the role of PETNPLs cannot be ruled out. True-
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to-life MNPLs as those used in this study can be used for many purposes
such as to easily detect/quantify their presence in different tissues and
organs of complex organisms such as in experimental mammalian
models.
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