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Micro- and nanoplastic pollution has emerged as a global environmental problem. Moreover, plastic
particles are of increasing concern for human health. However, the detection of so-called nanoplastics
in relevant biological compartments remains a challenge. Here we show that Raman confocal
spectroscopy-microscopy can be deployed for the non-invasive detection of amine-functionalized and
carboxy-functionalized polystyrene (PS) nanoparticles (NPs) in Daphnia magna. The presence of PS NPs
in the gastrointestinal (Gl) tract of D. magna was confirmed by using transmission electron microscopy.
Furthermore, we investigated the ability of NH,-PS NPs and COOH-PS NPs to disrupt the epithelial
barrier of the Gl tract using the human colon adenocarcinoma cell line HT-29. To this end, the cells
were differentiated for 21 days and then exposed to PS NPs followed by cytotoxicity assessment and
transepithelial electrical resistance measurements. A minor disruption of barrier integrity was noted for
COOH-PS NPs, but not for the NH,-PS NPs, while no overt cytotoxicity was observed for both NPs. This
study provides evidence of the feasibility of applying label-free approaches, ie., confocal Raman
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1. Introduction

The production of plastic since the 1950s has surpassed that of
almost every other man-made material," and enormous
amounts of plastic fragments are accumulating in the marine
environment and in other habitats.>® Moreover, the weathering
of such fragments may lead to a substantial environmental
burden of nanoscale pieces of plastics (aka nanoplastics).* The
definition of nanoplastics is still under debate, and it has been
pointed out recently that incidentally produced nanoplastics
are heterogeneous with respect to composition and morphology
unlike most engineered nanomaterials.” Notwithstanding,
synthetic (usually spherical) particles of polystyrene (PS) are
frequently used as a proxy for micro- and nanoplastic environ-
mental debris.® Notably, we have shown that the mechanical
breakdown of PS-based single-use plastics (SUPs) for just 5 min
gives rise to nanoparticles with remarkably narrow size distri-
butions including spherical particles with a mean diameter of
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mapping, to study PS NPs in a biological system.

approximately 125 nm (by TEM).” This thus lends support to the
use of PS NPs as “surrogate” materials.®

Numerous studies have addressed the potential environ-
mental impact of PS NPs using model organisms such as
crustaceans and fish.”** Moreover, evidence of trophic transfer
(transfer along the food chain) has been provided.>** Human
exposure also seems plausible, and a recent study implied, on
the basis of micro-Fourier transform infrared (uFTIR) analysis,
that microplastics can be found in human lung tissue
samples.’* Using mass spectrometry-based protocols to screen
human blood samples, other investigators suggested that
plastic “pollution” is also present in the blood, perhaps due to
a translocation of particles following ingestion or inhalation,
but great care is needed to exclude sample contamination.'>*®
In fact, these studies serve to highlight one of the major chal-
lenges in the field, that is, the reliable detection of micro- and
nanoplastics in biological matrices. Hence, “adequate analytical
tools to sample, isolate, detect, quantify, and characterize small
microplastics, especially nano-sized plastic particles, are
urgently needed”.”” Raman spectroscopy, which provides
information on the structural “fingerprint” of molecules, has
been successfully applied for the detection of microplastics (in
water).'® Moreover, a recent study demonstrated the feasibility
of identifying aggregates of nanosized (100 &+ 10 nm) PS parti-
cles using Raman spectroscopy.’” However, the label-free
detection (and localization) of nanoplastics in situ (that is, in
tissues) remains a major challenge. Here we performed confocal
Raman microscopy to identify NH,-PS and COOH-PS NPs (200
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nm) in the freshwater crustacean Daphnia magna. To this end,
we used a well-established model of exposure in which the
daphnids were allowed to filter the water containing PS NPs (or
water alone).* Transmission electron microscopy was per-
formed to verify the presence of the NPs in these organisms. We
also evaluated the possible effects of the NPs on barrier integrity
using a human in vitro model of the gastrointestinal epithelium.

2. Experimental section

2.1. NP characterization

Aminated PS NPs, PS-NH, NPs (200 nm according to the
manufacturer) (PA02001-PA04001), and carboxylated PS NPs,
PS-COOH NPs (200 nm according to the manufacturer)
(PC02001-PC07003) were purchased from Bangs Laboratories,
Inc. (Fishers, IN). Prior to the experiments, the NPs were diluted
to a concentration of 10 mg mL ™" and dialysed against Milli-Q®
water for 72 h at 4 °C. The water was changed after 4 h the first
day and once a day on the other days.”* NPs were characterized
using transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) to confirm their size and
morphology after dialysis. Briefly, 3 pL of each sample was
applied on glow-discharged, carbon-coated, and formvar-
stabilized 400 mesh copper grids (Ted Pella, Inc., Redding,
CA) and incubated for approximately 30 s. Then, the grid was
washed once with Milli-Q® water. TEM imaging was performed
using the Hitachi HT7700 (Hitachi High-Technologies) micro-
scope at 100 kv operating with a 2kx2k Veleta CCD camera
(Olympus Soft Imaging System). For SEM, samples were applied
onto 0.1 mm polyethersulfone polymer (PES) filters and air-
dried. The membranes were mounted on specimen stubs
using carbon adhesive tabs and sputter coated with platinum
(Quorum Q150T ES). SEM images were acquired using an Ultra
55 field emission scanning electron microscope (Zeiss, Ober-
kochen, Germany) at 5 kV using the InLens detector. Further-
more, the {-potential in Milli-Q® water (as a reference), tap
water (used for D. magna experiments), and RPMI-1640 medium
with and without 10% FBS (used for experiments with HT-29
cells) was determined for both NPs using a Zetasizer Nano ZS
instrument (Malvern Instruments, Worcestershire, UK).

2.2. D. magna studies

D. magna originating from Lake Bysjén (55°40'31.3"N 13°
32'41.9"E) kept under controlled laboratory conditions for
several hundred generations were used in the present study. For
all experiments, D. magna were maintained at 18 °C under an 8:
16 h light/dark photoperiod. D. magna adults were kept in clean
tap water for 24 h prior to incubation with NPs to allow evacu-
ation of remaining algal cells from the gut. During the exposure,
D. magna (n = 15 individuals per tube) were placed into 15 mL
tubes (in total there were four replicates for each group) con-
taining a total volume of 5 mL of tap water and 0 mg L™
(control group) and 224 mg L' of PS nanoparticles, as
described.” The daphnids were allowed to filter the water
containing PS-NH, NPs, PS-COOH NPs or water alone for 4 h.
The time-point was chosen to avoid toxicity/mortality of the
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NPs.” The selected dose is the highest non-lethal dose that
could be achieved (at 4 h).

2.3. Human cell studies

The human colorectal adenocarcinoma cell line HT-29 (ATCC
HTB-38) was grown in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS), 100 IU mL ™" penicillin, 100 pg
mL~" streptomycin, and 2 mM 1-glutamine in a humidified 5%
CO, incubator at 37 °C. Periodical subculturing of the cells was
done on average every 4 days. For differentiation, the cells were
grown on transwells (Corning™ Falcon™ Cell Culture Inserts)
at a density of 1 x 10> cells per mL in 24-well plates (area of the
transwell = 0.3 cm?) and differentiated with the above-
mentioned media supplemented with high glucose (10% v/v) for
21 days.”* TEER measurements (see below) were done to observe
the barrier integrity. The media was replaced every two days. In
our pilot studies, cytotoxicity towards HT-29 cells was deter-
mined based on LDH release using the CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega). To this end, cells
were seeded in a 96-well plate at a density of 5 x 10> cells per mL
without differentiation (no glucose) for 24 h and then exposed
to a range of concentrations (0.1-100 pg mL™") of COOH-PS NPs
and NH,-PS NPs. After exposure, supernatants were collected
and processed for LDH release according to the manufacturer's
instructions. The samples were analyzed on a Tecan Infinite®
F200 spectrophotometer (Mannedorf, Switzerland).

2.4. TEM analysis

TEM imaging was performed on D. magna samples after expo-
sure to COOH-PS NPs or NH,-PS NPs. The samples were prefixed
with 4% glutaraldehyde in 0.1 M sodium phosphate buffer pH
7.4 for 1 h at 4 °C. After that they were fixed in 1% OsO, in 0.1
sodium phosphate buffer for 1 h at 4 °C and were subsequently
dehydrated using a gradient of ethanol followed by acetone and
LX-112 infiltration followed by embedding in LX-112 resin
(Ladd Research Industries, Vermont, OH). Ultrathin sections
(50-80 nm) were prepared using a Leica EM UC6 microtome and
these were further contrasted with uranyl acetate followed by
lead citrate, and finally examined using a Hitachi HT 7700
electron microscope (Hitachi High-Technologies). We used the
2kx2k Veleta CCD camera (Olympus) for image acquisition.
TEM analysis was also performed on HT-29 cells. Briefly, cells
were detached from the transwells after cell culture and prefixed
with 4% glutaraldehyde in 0.1 M sodium phosphate buffer pH
7.4 for 1 h at 4 °C. Thereafter, the procedure described for D.
magna samples was followed.

2.5. Raman mapping

Raman spectroscopy and confocal mapping was carried out
using a WITec Alpha 300 RAS system (Oxford Instruments, Ulm,
Germany) equipped with a 532 nm excitation laser. The
measurements were performed using a 50x ZEISS LD EC
Epiplan-Neofluar Dic 50x/NA 0.55 objective. Laser power was
optimized to minimize heat induced effects and set at 10 mW.
The spectrometer diffraction grating of 600 L mm ' was
implemented. First, D. magna exposed to the COOH-PS NPs or

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NH,-PS NPs as indicated were embedded in low-melting
agarose® (Sigma, Sweden). The gut region of the daphnids
was identified and micrographs were captured using an optical
microscope (SMZ 1270, Nikon). Next, the samples were used for
the confocal Raman analysis. The Raman spectrum of COOH-PS
NPs and NH,-PS NPs alone was also recorded as a reference. For
the Raman mapping, a Raman spectrum is recorded in every
image pixel. In the confocal regime, the focal plane was varied
to obtain the signal from the areas of interest inside the
daphnids. Then, Raman maps indicating PS intensity distri-
butions were reconstructed based on the evaluated character-
istic spectra for all measured pixels. All spectra were analyzed
using WITec Project Plus 5.1 software (Oxford Instruments)
using cosmic ray removal and baseline correction filters.

2.6. TEER analysis

Transepithelial electrical resistance (TEER) was applied for the
analysis of epithelial barrier integrity. TEER offers several
advantages over other traditional permeability measurements
in that it is a rapid, label-free, and noninvasive approach.>* HT-
29 cells were exposed to COOH-PS NPs or NH,-PS NPs as indi-
cated and their barrier integrity was measured using an EVOM>
epithelial volt/ohmmeter (World Precision Instruments, Sar-
asota, FL) operating with STX2 “chopstick” electrodes. The
measurements were taken at 0, 2, 4 and 24 h. EGTA (2.5 mM)
was used as a positive control. The experiments were performed
in biological and technical triplicates. The final TEER values for
each condition were calculated using the following formula:
TEER value (ohm em?) = (TEER value of sample — TEER value of
control) x (area of the transwell).

2.7. Cell viability

After exposure to NH,-PS and COOH-PS NPs, cytotoxicity was
assessed using the Alamar blue assay (Thermo Fisher Scientific,
Sweden), as described.>® Briefly, the cells grown in transwells

COOH-PS NPs

NH,-PS NPs
7 N o O
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embedding in low melting agarose
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were first exposed to the Alamar blue dye directly and incubated
for 2 h. The media containing the dye was then removed and
added to the 96-well plate. The samples were analyzed on
a Tecan Infinite® F200 spectrophotometer (Madnnedorf, Swit-
zerland). Cell viability was quantified by the % cell viability
versus the negative control value, which was set as 100%. Lysed
cells served as positive control.

2.8. Statistical analysis

Data were analyzed using one-way or two-way ANOVA followed
by Dunnett's and Tukey's post hoc analysis. The p-values of *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 were
considered significant. The statistical analysis was performed
using GraphPad Prism software version 9.0.0 for Windows
(GraphPad Software, San Diego, CA).

3. Results and discussion

3.1. Characterization of PS NPs in relevant test media

PS NPs obtained from a commercial source were characterized
with respect to hydrodynamic diameter and {-potential in water
(for D. magna) and RPMI-1640 medium with and without serum
(for HT-29 cells) (Table S11). The aminated NPs agglomerated in
Milli-Q® water and tap water while this was not the case for the
carboxylated NPs. However, both particles showed similar
hydrodynamic sizes (270 + 3 nm for COOH-PS and 213 + 23 nm
for NH,-PS NPs) and ¢-potential values (—13 £+ 1.23 mV and
—12.6 £ 0.7 mV for COOH-PS and NH,-PS NPs) in RPMI-1640
cell culture medium supplemented with FBS (used for the HT-
29 cell culture experiments) (Table S1t). The results for the
NH,-PS NPs, thought to be positively charged, were unexpected,
though it is worth noting that the {-potential that is exhibited by
NPs in suspension does not necessarily align with the surface
charge density.”® Notwithstanding, this finding is in accordance
with our previous work, and may be explained by the lower

Raman confocal mapping

Fig. 1 Schematic representation of the experiments performed with D. magna and PS NPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Confocal Raman imaging of NH,-PS in the gut of daphnids. (a) Brightfield micrograph of whole daphnia indicating the gut region used for
the Raman analysis. (b) An optical image of the scanned area is shown, where the red square shows the exact map position. (c) Reconstructed
Raman maps showing the combined distribution map (top) for the identified components NH,-PS NPs (red) and the carapace of the daphnid

(green). Scale bars: 5 um. (d) Typical average spectra for NH,-PS (red) and background (green) used to create the maps are shown. The 1001 cm

-1

band specific for PS is identified with an arrow. The blue spectrum is for the reference NH,-PS NPs.

number of amine groups and the presence of sulfone groups on
the surface of the NH,-PS NPs,* which may also explain the
inferior stability of the NP dispersions in water. However, the
presence of serum proteins stabilized the PS NPs. The particles
were further characterized using TEM and SEM. The average
particle diameter of COOH-PS and NH,-PS NPs was 170 nm and
130 nm, respectively (Fig. S11). SEM confirmed the uniform,
spherical morphology of both NPs (Fig. S27).

3.2. Confocal Raman mapping of PS NPs in D. magna

Next, we studied the PS NPs using D. magna as a model (Fig. 1).
Specifically, we asked whether confocal Raman mapping could
be applied to detect the NPs in situ, and TEM was applied to
verify the findings (see the following section). Previous work has

3456 | Nanoscale Adv., 2023, 5, 3453-3462

shown that PS NPs exhibit significant functional group-
dependent toxicity towards D. magna following a 48 h expo-
sure.”” However, in the present study, we opted for a brief (4 h)
exposure to PS NPs at a concentration (224 mg L") that would
not trigger any toxicity.?® First, reference spectra of NH,-PS and
COOH-PS were obtained (Fig. S3at). Both spectra displayed
a similar chemical fingerprint with almost identical chemical
band positions. The main difference is the shoulder peak at
around 2938 cm ™' possibly due to NH, affecting the CH vibra-
tion strength. The characteristic peaks at 1001 cm ™" for the
aromatic C=C ring breathing mode and 3053 cm ' for CH
stretching, previously identified as being PS-specific (in partic-
ular, the so-called “identifier peak” at 1001 cm '),** were
present in both particles (Fig. S3at). We also captured the
background Raman spectra of unexposed daphnids and could

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Confocal Raman imaging of COOH-PS in the gut of daphnids. (a) Brightfield micrograph of whole daphnia indicating the gut region used
for the Raman analysis. (b) An optical image of the scanned area is shown, where the red square shows the exact map position. (c) Reconstructed
Raman maps showing the combined distribution map (top) for the identified components COOH-PS NPs (red) and the carapace of the daphnid
(green). Scale bars: 9 um. (d) Typical average spectra for COOH-PS (red) and background (green) used to construct the maps are shown. The PS-
specific 1001 cm™! band is identified with an arrow. The reference spectrum for COOH-PS NPs is shown in blue.

confirm the absence of both peaks at 1001 cm ™" and 3053 cm ™"

in these control samples (Fig. S3bt). Thus, the appearance of
such peaks can be attributed to the presence of PS in the
sample. Next, confocal Raman mapping was carried out on
daphnids exposed to the aminated (NH,) PS NPs (Fig. 2a-d).
Two components were identified, and their distribution was
visualized, ie., the carapace of the daphnid (shown in green)
and the PS component (shown in red). The combined image of

© 2023 The Author(s). Published by the Royal Society of Chemistry

both components is shown in Fig. 2c. The corresponding
Raman spectra confirmed the presence of PS and both specific
peaks at 1001 cm ™ * and 3053 cm ! were observed for NH,-PS
NPs (Fig. 2d). Corresponding results were obtained for daph-
nids exposed to carboxylated (COOH) PS NPs (Fig. 3a-d). Hence,
two components were clearly identified, and their distribution
was visualized, ie., the carapace of the daphnid (shown in
green) and the PS component (shown in red). The combined

Nanoscale Adv., 2023, 5, 3453-3462 | 3457
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Fig. 4 TEM images of the Gl tract of daphnids indicating the presence of PS NPs. (a) COOH-PS NPs. Scale bar: 2 um. (b) COOH-PS NPs. Scale
bar: 500 nm. (c) NH,-PS NPs. Scale bar: 2 um. (d) NH,-PS NPs. GL, gut lumen. Scale bar: 500 nm. (e) NH,-PS NPs. Scale bar: 1 pm. (f) NH,-PS NPs.
mc, mucus; mv: microvilli. Scale bar: 500 nm.

3458 | Nanoscale Adv, 2023, 5, 3453-3462 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00323j

Open Access Article. Published on 30 May 2023. Downloaded on 1/26/2026 5:47:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

COOH-PS NPs
NH,-PS NPs

o
OO

View Article Online

Nanoscale Advances

24 h exposure

Human HT-29 cells

(21-day differentiation)

—>
TEER measurement
> s 7
TEM analysis
if@ﬁ
> @'

cytotoxicity assessment

Fig. 5 Schematic view of experiments performed using differentiated human HT-29 cells.

image of both components is shown in Fig. 3c, while the cor-
responding Raman spectra are displayed in Fig. 3d. These
results confirmed the presence of PS as both specific peaks at
1001 cm™ " and 3053 cm ™' were identified for the PS compo-
nent. Taken together, we have shown that daphnids uptake
(ingest) PS nanoparticles with amine and carboxyl modifica-
tions. Moreover, it was possible not only to identify the PS NPs
(nominally 200 nm), in accordance with a recent study,' but
also to demonstrate the presence of these NPs in the digestive
tract of daphnids, by exploiting the confocal Raman mapping
capability. Such mapping of PS NPs has not been demonstrated
before. This label-free approach may yield useful insights
regarding the biological impact of PS NPs and other plastic NPs.

3.3. TEM to confirm the presence of NPs in D. magna

Raman mapping in combination with bright field imaging
suggested the presence of PS NPs in the GI tract. To verify and
visualize the presence of particles in the gut, TEM imaging was
performed. Both COOH-PS NPs and NH,-PS NPs were clearly
identified in the exposed individuals. Notably, COOH-PS NPs
were only found in the gut lumen (Fig. 4a and b) while the NH,-
PS NPs were found embedded in both the luminal mucus layer
(Fig. 4c) and in the gut lumen (Fig. 4d). Further examples are
shown in Fig. 4e and f, clearly demonstrating the presence of
NH,-PS NPs embedded in the mucus layer residing on top of the
microvilli (shown in cross-section) (refer to high-magnification
view in Fig. 4f). We could not find any evidence of cellular
internalization of NPs or NPs crossing the epithelial barrier;

© 2023 The Author(s). Published by the Royal Society of Chemistry

however, we focused only on the GI tract itself and not on other
compartments. Other recent work has suggested that PS NPs (50
nm) might cross the intestinal barrier following oral ingestion
in mice.”® Thus, NPs were found in the mesenteric lymph nodes,
liver, and spleen. However, in the latter study, animals were
exposed to a so-called “physiological” dose of 2 mg per day
(equivalent to the supposed human intake of 5 g of plastic every
week) for 6 months. In the present study, daphnids were
exposed acutely (4 h) to a relatively low amount of NPs, as the
purpose was not to study toxicity, but to test the feasibility of
applying a label-free approach for the detection and imaging of
NPs in situ (in a living organism).

The main component of the gut mucosa is the glycoprotein
mucin (containing negatively charged polysaccharide groups)
which forms a mesh-like structure of crosslinked and entangled
mucin fibers.* Previous work has shown that the type of func-
tional groups present on the surface of NPs plays an important
role for their interaction with mucin.** The mechanism involves
the electrostatic attraction between positively charged NPs and
the polyanionic sites on mucin promoting its aggregation. On
the other hand, while negatively charged NPs do not seem to
provoke mucin aggregation, they could still adhere to the
mucus network, thus affecting its viscosity.*® Overall, there is
much to learn with respect to the corona formation which may
occur in the environment (referred to as the eco-corona) and in
different anatomical compartments in the body (bio-corona)
(refer to ref. 31 for an excellent overview of this topic). Using
in vitro and in vivo models, Yang et al.** provided evidence that

Nanoscale Adv., 2023, 5, 3453-3462 | 3459


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00323j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 30 May 2023. Downloaded on 1/26/2026 5:47:05 AM.

(cc)

Nanoscale Advances

% %k k k

40— FHKX

I
30—1 ]

20—

10—

TEER (ohm cm?)

View Article Online

Paper

—1 0h

El 24h

N
N & &5
Sy & 3
§ & o
& 28 &
< 8
F <
S

Fig. 6 Evaluating barrier integrity following exposure to PS NPs. (a and b) TEM micrographs of differentiated human HT-29 cells. (a) JC,
junctional complexes (between cells); mt, mitochondria; N, nucleus. Scale bar: 5 um. (b) m, mucus-filled dense vesicles; N, nucleus. Scale bar: 2
um. (c) TEER values obtained after exposure of differentiated HT-29 cells to 100 pg mL~t of COOH-PS NPs and NH,-PS NPs (in the presence or
absence of serum). EGTA (2.5 mM) was used as a positive control. Three independent experiments were performed, and results are shown as
mean values + S.D. Significance was calculated using 2-way ANOVA followed by Tukey's post hoc test.

the mucin bio-corona may affect translocation of Au NPs across
the intestinal epithelium. Moreover, studies have shown that
digestive tract fluids may alter the properties of NPs.** Clearly,
more work is warranted to understand the fate and behavior of
NPs in the gut.

3.4. Human in vitro model of epithelial barrier integrity

Microplastics are suspected to cause intestinal barrier
dysfunction and/or changes in the intestinal microenvironment
(reviewed in ref. 34). To further study the impact of PS NPs, we

3460 | Nanoscale Adv., 2023, 5, 3453-3462

set up a human in vitro model of the differentiated gastroin-
testinal epithelium and exposed these epithelial cell layers for
24 h to COOH-PS NPs and NH,-PS NPs (Fig. 5). Both NPs (100 ug
mL~") were shown to be non-cytotoxic towards these cells
(Fig. s4t).

The barrier function of the epithelium is due to the presence
of tight junctions between cells. Cell differentiation is further
characterized by a brush border (i.e., a microvilli-covered
surface) and mucus production, thereby imitating the human
gastrointestinal epithelium. We performed TEM to verify
ultrastructural features of cell differentiation (Fig. 6a). Then,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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TEER measurements were performed to assess whether the
barrier function was affected by the NPs (in the absence of overt
cytotoxicity/cell death). The calcium chelating agent EGTA was
used as a positive control. As shown in Fig. 6b, EGTA strongly
affected the barrier integrity, as evidenced by a profound
decrease in TEER values at 24 h when compared to baseline (0
h). It is noted that each condition (each transwell) serves as its
own control as the baseline values may differ between trans-
wells; the results shown are based on three independent
experiments. The carboxylated (COOH) PS NPs induced
a modest decrease in TEER values while no changes were seen
in the presence of the aminated (NH,) PS NPs (Fig. 6b). Most
NPs promptly bind serum proteins forming a protein bio-
corona.* Indeed, the {-potential of the COOH-PS NPs and NH,-
PS NPs was equalized in cell culture medium supplemented
with FBS indicative of the binding of serum proteins (Table
S1t). We also performed TEER measurements following expo-
sure of the monolayers of cells in the absence of FBS. However,
similar results were obtained for both NPs (Fig. 6b), implying
that the presence (or absence) of serum does not play a signifi-
cant role in this model.

Previous work has shown that the presence of mucus may
affect NP translocation across intestinal epithelial cell
barriers.* Specifically, particle size as well as the surface charge
may play a role.*” We did not investigate the role of mucus
specifically, but it is possible that the mucus layer serves to
protect the cells from the toxicity of PS NPs. Other investigators
have provided evidence of abundant cellular uptake of PS NPs.**
However, the latter study was performed using undifferentiated
Caco-2 cells which is a convenient model but lacks realism since
no mucus is produced by these cells.

4. Conclusions

We focused here on confocal Raman imaging of PS NPs in D.
magna, and on investigating the impact of these NPs on
epithelial barrier integrity using a human in vitro model. Our
study has shown that confocal Raman imaging (mapping) can
be exploited as a label-free method to detect PS NPs in intact
biological specimens, and TEM was performed to verify the
presence of NPs in the gut of exposed daphnids. We observed no
or limited toxicity of NH,-PS NPs and COOH-PS NPs in our in
vitro model.

Author contributions

J. K. performed research, analyzed data, and drafted the
manuscript; E. K., G. G. and I. D. performed research and
analyzed data; T. C. supervised experiments, and analyzed data;
B. F. coordinated the study, supervised the experiments,
analyzed data, and edited the manuscript, and all co-authors
approved the final version of the paper.

Conflicts of interest

The authors declare that they have no competing financial
interests.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Acknowledgements

Supported by the Swedish Foundation for Strategic Environ-
mental Research (MISTRA) through the MISTRA Environmental
Nanosafety program. We thank Lars Haag, EM Core Facility at
Karolinska Institutet, for expert assistance with TEM and SEM.

References

1 R. Geyer, J. R. Jambeck and K. L. Law, Sci. Adv., 2017, 3,
1700782.

2 R. C. Thompson, Y. Olsen, R. P. Mitchell, A. Davis,
S. ]J. Rowland, A. W. John, D. McGonigle and A. E. Russell,
Science, 2004, 304, 838.

3 W.W.Y. Lau, Y. Shiran, R. M. Bailey, E. Cook, M. R. Stuchtey,
J. Koskella, C. A. Velis, L. Godfrey, J. Boucher, M. B. Murphy,
R. C. Thompson, E. Jankowska, A. Castillo, T. D. Pilditch,
B. Dixon, L. Koerselman, E. Kosior, E. Favoino,
J. Gutberlet, S. Baulch, M. E. Atreya, D. Fischer, K. K. He,
M. M. Petit, U. R. Sumaila, E. Neil, M. V. Bernhofen,
K. Lawrence and J. E. Palardy, Science, 2020, 369, 1455.

4 D. M. Mitrano, P. Wick and B. Nowack, Nat. Nanotechnol.,
2021, 16, 491.

5 ]J. Gigault, H. El Hadri, B. Nguyen, B. Grassl, L. Rowenczyk,
N. Tufenkji, S. Feng and M. Wiesner, Nat. Nanotechnol.,
2021, 16, 501.

6 L. Schroter and N. Ventura, Small, 2022, 18, 2201680.

7 M. T. Ekvall, M. Lundqvist, E. Kelpsiene, E. Sileikis,
S. B. Gunnarsson and T. Cedervall, Nanoscale Adv., 2018, 1,
1055.

8 F. E. Heddagaard and P. Mgller, Food Chem. Toxicol., 2020,
136, 111106.

9 K. Mattsson, M. T. Ekvall, L. A. Hansson, S. Linse, A. Malmendal
and T. Cedervall, Environ. Sci. Technol., 2015, 49, 553.

10 L. A. Ellis and I. Lynch, Environ. Sci.: Nano, 2020, 7, 3343.

11 M. Heinlaan, XK. Kasemets, V. Aruoja, I. Blinova,
O. Bondarenko, A. Lukjanova, A. Khosrovyan, I. Kurvet,
M. Pullerits, M. Sihtmae, G. Vasiliev, H. Vija and A. Kahru,
Sci. Total Environ., 2020, 707, 136073.

12 V. Thiagarajan, S. A. Alex, R. Seenivasan, N. Chandrasekaran
and A. Mukherjee, Sci. Total Environ., 2021, 784, 147262.

13 F. Abdolahpur Monikh, L. Chupani, M. G. Vijver and
W. J. G. M. Peijnenburg, Environ. Pollut., 2021, 269, 116066.

14 L. C. Jenner, J. M. Rotchell, R. T. Bennett, M. Cowen,
V. Tentzeris and L. R. Sadofsky, Sci. Total Environ., 2022,
831, 154907.

15 H. A. Leslie, M. J. M. van Velzen, S. H. Brandsma,
A. D. Vethaak, J. J. Garcia-Vallejo and M. H. Lamoree,
Environ. Int., 2022, 163, 107199.

16 R. L. Kuhlman, Environ. Int., 2022, 167, 107400.

17 A. D. Vethaak and ]J. Legler, Science, 2021, 371, 672.

18 J. Lee and K. J. Chae, J. Hazard. Mater., 2021, 403, 124049.

19 A. Reynolds, M. Giltrap and G. Chambers, Environ. Sci.:
Nano, 2019, 6, 2832.

20 E. Kelpsiene, I. Brandts, K. Bernfur, M. T. Ekvall,
M. Lundqvist, M. Teles and T. Cedervall, Environ. Sci.:
Nano, 2022, 9, 2500

Nanoscale Adv., 2023, 5, 3453-3462 | 3461


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00323j

Open Access Article. Published on 30 May 2023. Downloaded on 1/26/2026 5:47:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

21 R. Frankel, M. T. Ekvall, E. Kelpsiene, L. A. Hansson and
T. Cedervall, Environ. Sci.: Nano, 2020, 7, 1518.

22 M. Hekmati, S. Polak-Charcon and Y. Ben-Shaul, Cell Differ.
Dev., 1990, 31, 207.

23 G. Peng, M. F. Montenegro, C. N. M. Ntola, S. Vranic,
K. Kostarelos, C. Vogt, M. S. Toprak, T. Duan, K. Leifer,
L. Briutigam, J. O. Lundberg and B. Fadeel, Nanoscale,
2020, 12, 16730.

24 B. M. Rotoli, O. Bussolati, M. G. Bianchi, A. Barilli,
C. Balasubramanian, S. Bellucci and E. Bergamaschi,
Toxicol. Lett., 2008, 178, 95.

25 A. R. Gliga, J. De Loma, S. Di Bucchianico, S. Skoglund,
S. Keshavan, I. O. Wallinder, H. L. Karlsson and B. Fadeel,
Nanoscale Adv., 2020, 2, 648.

26 M. Weiss, J. Fan, M. Claudel, T. Sonntag, P. Didier,
C. Ronzani, L. Lebeau and F. Pons, J. Nanobiotechnol.,
2021, 9, 5.

27 W. Lin, R. Jiang, S. Huy, X. Xiao, J. Wu, S. Wei, Y. Xiong and
G. Ouyang, Ecotoxicol. Environ. Saf., 2019, 180, 509.

28 M. Schwarzfischer, A. Niechcial, S. S. Lee, B. Sinnet,
M. Wawrzyniak, A. Laimbacher, K. Atrott, R. Manzini,
Y. Morsy, J. Hafliger, S. Lang, G. Rogler, R. Kaegi,
M. Scharl and M. R. Spalinger, Nanolmpact, 2022, 25, 100374.

29 C. Liu, X. Jiang, Y. Gan and M. Yu, Med. Drug Discovery, 2021,
12, 100110.

3462 | Nanoscale Adv., 2023, 5, 3453-3462

View Article Online

Paper

30 I. Inkielewicz-Stepniak, L. Tajber, G. Behan, H. Zhang,
M. W. Radomski, C. Medina and M. J. Santos-Martinez,
Materials, 2018, 11, 724.

31 J. Cao, Q. Yang, J. Jiang, T. Dalu, A. Kadushkin, J. Singh,
R. Fakhrullin, F. Wang, X. Cai and R. Li, Part. Fibre
Toxicol., 2022, 19, 55.

32 D. Yang, D. Liu, M. Qin, B. Chen, S. Song, W. Dai, H. Zhang,
X. Wang, Y. Wang, B. He, X. Tang and Q. Zhang, ACS Appl.
Mater. Interfaces, 2018, 10, 11443.

33 G. Antonello, A. Marucco, E. Gazzano, P. Kainourgios,
C. Ravagli, A. Gonzalez-Paredes, S. Sprio, E. Padin-
Gonzalez, M. G. Soliman, D. Beal, F. Barbero, P. Gasco,
G. Baldi, M. Carriére, M. P. Monopoli, C. A. Charitidis,
E. Bergamaschi, I. Fenoglio and C. Riganti, Part. Fibre
Toxicol., 2022, 19, 49.

34 Z. Huang, Y. Weng, Q. Shen, Y. Zhao and Y. Jin, Sci. Total
Environ., 2021, 785, 147365.

35 M. Lundqvist and T. Cedervall, Small, 2020, 16, 2000892.

36 A. P. Walczak, E. Kramer, P. J. Hendriksen, P. Tromp,
J. P. Helsper, M. van der Zande, I. M. Rietjens and
H. Bouwmeester, Nanotoxicology, 2015, 9, 453.

37 S. P. Bandi, Y. S. Kumbhar and V. V. K. Venuganti, J.
Nanopart. Res., 2020, 22, 62.

38 C. Cortés, J. Domenech, M. Salazar, S. Pastor, R. Marcos and
A. Hernandez, Environ. Sci.: Nano, 2020, 7, 272.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00323j

	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j

	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j

	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j
	Label-free detection of polystyrene nanoparticles in Daphnia magna using Raman confocal mappingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00323j


