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Once released into the environment, nanoparticles (NPs) rapidly interact with biomolecules present in

biological fluids, leading to the formation of a protein corona that strongly influences their biological fate

and interaction with living beings. In the field of ecotoxicology, investigating this bio–nano interface is

crucial to understand how NPs are recognized and processed by marine organisms. In our study, we

analyzed the formation of the protein corona around four NPs, two metal-based, AgcitLcys and TiO2, and

two polymer-based, PS-COOH and PS-NH2, after incubation in the coelomic fluid (CF) of the sea urchin

Paracentrotus lividus. NPs were characterized before and after incubation in CF using DLS and TEM, while

proteomic analysis enabled the identification of adsorbed proteins and the estimation of their relative

abundance. The composition of the coronas differed depending on the chemical nature and surface

functionalization of the NPs, suggesting selective interactions with components of the CF biological matrix.

In vitro bioassays on sea urchin's coelomocytes revealed distinct ecotoxicological outcomes among NPs:

AgcitLcys induced the strongest effects, significantly reducing cell viability and lysosomal membrane

stability at environmentally relevant concentrations (25 μg L−1) while PS and TiO2 elicited milder responses.

A combined analysis of proteomic and in vitro data suggests that the protein corona is essential for

mediating interactions between NPs and coelomocytes. The different affinity of NP surfaces for specific

extracellular proteins may influence their recognition, internalization, and impact on cellular physiology. For

instance, the corona formed around AgcitLcys contained proteins that bind to and transport other

molecules, which could facilitate cellular interactions and activate redox and inflammatory pathways at the

extracellular level, thereby modulating particles toxicity. Overall, our findings highlight the importance of

accounting for the biological corona in the ecotoxicological assessment of NPs and confirm the protein

corona as a key determinant in mediating nano–bio interactions in marine organisms.

1. Introduction

In the nano-dimensional world, nanoparticles (NPs) never
exist as isolated entities. Once suspended in environmental
and/or biological fluids, their surfaces are in fact rapidly
coated by a dense layer of proteins and other biomolecules,
known as the protein corona.1 This corona acts as a true
“biological passport” for the NP and is composed of two
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Environmental significance

To predict the fate and toxicity of nanoparticles (NPs) in marine ecosystems, it is essential to understand how they interact with extracellular proteins of
biological fluids of marine organisms. This study investigated the protein coronas formed around four chemically distinct types of NPs in the coelomic
fluid (CF) of Paracentrotus lividus and linked them to cellular effects. Our findings show how protein corona acts as a key molecular interface between NPs
and cells, controlling how cells recognize, internalize, and react to them. These findings provide new insights into the mechanisms driving NP toxicity in
marine invertebrates and into nanosafety assessment.
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main layers: a hard corona, formed by high-affinity proteins
that stably bind to the NP core and define its baseline
identity over time; and a soft corona, consisting of lower-
affinity proteins that dynamically exchange with the
surrounding medium, flexibly regulating receptor recognition
and the activation of cellular responses such as oxidative
stress and/or immune signaling.2

In aquatic systems, protein adsorption dynamics play a
crucial role in determining the behavior, bioavailability, and
ecotoxicity of NPs released from widely used consumer
products such as cosmetics, electronics, and wastewater
treatment processes.3–5 Metal-based and polymeric NPs have
been increasingly detected in sediments and coastal waters
near urbanized and industrial areas, suggesting chronic
exposure for numerous marine species including benthic and
filter-feeding organisms.6,7 The widespread occurrence of
NPs has prompted numerous studies investigating their
biological effects on marine organisms. As Dedman et al.,8

highlight, NPs toxicity is not solely determined by chemical
composition. Instead, it results from a complex combination
of physicochemical properties (e.g., size, surface charge, and
solubility), environmental transformations (e.g.,
agglomeration and ion release), and interactions with
dissolved biomolecules, particularly proteins. These
interactions lead to the formation of a biomolecular corona
that governs biological reactivity. Their review emphasizes
the importance of considering species- and dose-specific
effects across marine taxa, including diatoms, crustaceans,
and bivalves, which are linked to oxidative stress, enzyme
inhibition, and immune modulation. Brunelli et al.,9 focus
specifically on silver NPs (AgNPs), demonstrating how their
high surface reactivity and ion release potential can induce
adverse effects in microalgae, mussels, and fish. Major toxic
mechanisms include mitochondrial dysfunction, redox
imbalance, systemic inflammation, and gut microbiota
alterations. The authors also underscore the role of
biological matrices, especially the protein corona, in
modulating NP uptake and cellular recognition. Feng
et al.,10 offer a complementary perspective, analyzing how
corona composition influences NP fate, cellular targeting,
and the potential co-transport of pollutants in marine
systems. They demonstrate that the protein corona can
dramatically alter the surface identity of NPs, enhance
receptor-mediated interactions, and trigger redox and
inflammatory responses. These effects are documented in
various models, including sea urchins, tunicates, mussels,
and crustaceans.11 Altogether, these findings highlight that
NPs released in marine waters are bioavailable and can
interfere with key physiological processes across a wide
range of taxa, although their effects vary depending on
chemical nature, size, and exposure conditions. Within this
context, the sea urchin P. lividus has emerged as an
effective model organism for studying interactions between
NPs and marine biological systems.7,12–15 This species is
widely distributed in Mediterranean coastal ecosystems,
plays a key ecological role in benthic communities, and is

commonly regarded as a sentinel species for environmental
monitoring, due to its sensitivity to pollutants and well-
characterized cellular and molecular responses.16 Its
coelomic fluid, rich in proteins and immune cells, provides
a realistic biological matrix for examining protein corona
formation and cellular-level responses under
environmentally relevant conditions.12,14 Several studies
have demonstrated that NPs incubated in P. lividus coelomic
fluid acquire specific protein coronas capable of modulating
immune cell interactions.17 Previous studies reported
functional differences in the coronas formed on polymeric
versus metallic NPs,12,18 suggesting that coelomocytes
respond in an active yet controlled manner to NPs, without
signs of acute toxicity.19–21 These findings confirm the
suitability of P. lividus coelomic fluid and coelomocytes as a
model system for investigating protein corona formation
and the immuno-ecotoxicological outcomes in a marine
species.

In this study, we adopted a holistic, integrated and
multidisciplinary approach to investigate the formation and
functional implications of protein coronas on four types of
NPs differing in core chemical composition, size, and
surface charge (Fig. 1). We selected two metal-based NPs
(citrate and L-cysteine-coated silver NPs, namely AgcitLcys,
and titanium dioxide, TiO2) and two polystyrene based NPs
(amino-functionalized, PS-NH2, and carboxyl-functionalized,
PS-COOH NPs). These NPs were selected for their broad
relevance in industrial and biomedical applications and for
their contrasting surface properties, which are expected to
drive distinct bio–nano interactions. Unlike previous studies
focused on individual particle types or limited endpoints,
our approach combined the extensive physicochemical
characterization of the four NP types and associated corona
formation, using dynamic light scattering (DLS) and
transmission electron microscopy (TEM), with an in-depth
proteomic analysis of protein coronas formed upon contact
with P. lividus sea urchin coelomic fluid (CF) by shotgun
proteomics. To further explore the biological significance of
corona formation, we conducted in vitro experiments, by
directly exposing P. lividus coelomocytes to NPs in the
presence of coelomic fluid as culture medium, thereby
allowing protein corona formation to occur dynamically
during cell–NP interaction. Under these conditions, we
assessed three key ecotoxicological endpoints: cell viability,
lysosomal membrane stability, and red cell amounts. This
comprehensive strategy allowed us to identify the
composition of the protein corona formed under controlled
cell-free conditions and link its features to early immune
cell responses, shedding light on NP bio–nano interactions
in biologically relevant conditions. To our knowledge, this
is the first study to systematically compare protein corona
composition and immuno(eco)toxicological outcomes across
both metal-based and polymer-based NPs in the same
marine model organism, offering an important contribution
to bridging this knowledge gap in marine nano-
ecotoxicology.
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2. Materials and methods
2.1 Animal collection and coelomic fluid preparation

Specimens of the Mediterranean sea urchin P. lividus (n = 15)
with an average test diameter of 7 ± 0.5 cm were collected
from two coastal sites in the Tyrrhenian Sea (Italy): Talamone
(Grosseto, Tuscany) and the Gulf of Naples (Campania). Both
locations are characterized by comparable Mediterranean
environmental conditions and are not directly affected by
anthropogenic disturbance. To minimize potential biological
variability, sampling was performed exclusively during the
winter season, a period preceding the main reproductive
peaks of P. lividus and generally associated with more stable
physiological conditions.22–24 Only adult individuals of
similar size were selected, including both males and females,
to further reduce age- or reproductive stage-related
variability.

After collection and prior to experimentation, sea urchins
were maintained for 7 days under controlled laboratory
conditions in filtered natural seawater (NSW; 0.45 μm; 18 ± 1
°C, salinity 38‰, pH 8). CF was withdrawn from each
individual using a sterile syringe inserted into the peristomial
membrane surrounding Aristotle's lantern and kept on ice.
For each experimental phase, CF samples from all individuals

were pooled to minimize inter-individual variability and to
obtain a representative biological matrix, following an
approach widely adopted in previous studies on P. lividus.25,26

Each pooled CF preparation was centrifuged to remove
coelomocytes, filtered (0.22 μm), aliquoted, and stored at −80
°C until use. Independent CF pools were prepared for protein
corona characterization and as culture medium for the
coelomocytes used in ecotoxicological studies.

2.2 Nanoparticles characterization

Unlabelled PS-NH2 (50 nm, positively charged) and PS-COOH
(60 nm, negatively charged) NPs were purchased in aqueous
dispersion from Bangs Laboratories Inc., Fishers, IN. TiO2

NPs (27 ± 2 nm) were provided by Degussa as Aeroxide® P25;
AgcitLcys NP (<RH> = 8 ± 1 nm, size measured by DLS in
Milli-Q using volume-based distribution to better represent
primary particles) were prepared according to the procedure
described by Prosposito et al.27 The characterization of the
four NP batches (PS-NH2, PS-COOH, TiO2 and AgcitLcys) in
Milli-Q and CF was performed at a reference concentration of
50 mg L−1. Prior to analysis, each NP suspension was
sonicated in an ultrasonic bath (Mod. CP316, Ceia) for 10 s.
The hydrodynamic diameter (DH, nm) and ζ-potential (ζP,

Fig. 1 Schematic overview of the experimental workflow divided into two sections. (A) NPs were incubated in cell-free CF to allow corona
formation and subsequently characterized by DLS (T0 – 24 h), TEM (24 h) and LC-MS/MS proteomics (hard corona, label-free quantification and
GO enrichment). (B) NPs were exposed in vitro to coelomocytes (4 h; 25 μg L−1 and 25 μg mL−1) and biological endpoints were assessed, including
cell viability, red cell count, and lysosomal membrane stability. Created with https://BioRender.com.
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mV) of the four NP dispersions were measured by dynamic
light scattering (DLS) using a Zetasizer Nano ZS90 (Malvern)
with the Zetasizer Software (version 7.02). These
measurements were assessed at time zero (T0) in Milli-Q and
at T0, 12 h and 24 h of incubation in the CF. Transmission
electron microscopy (TEM) images of the four batches of NPs
were obtained with a Tecnai G2 Spirit (FEI) in Milli-Q and in
CF after 24 h of incubation. For TEM analysis, 3 μL of NP
suspension were dropped onto Formvar-coated 300 mesh
copper grids. After 2 minutes, excess liquid was blotted with
filter paper, and the grids were air-dried or negatively stained
with a 1% aqueous solution of uranyl acetate before
observation in a Tecnai G2 Spirit (FEI) operating at an
acceleration voltage of 120 kV. Particle size analysis was
conducted by measuring the diameter of 100 particles using
the FIJI ImageJ software. DLS and TEM measurements were
conducted immediately after incubation in CF to characterize
NPs with both a hard and a soft protein corona. In addition,
to characterize NPs with the sole hard corona, measurements
were repeated after three PBS washes performed by
centrifugation (20 min, 18 000 × g, 18 °C) and followed by
resuspension in Milli-Q.

2.3 Protein corona preparation and characterization

The four monodisperse NPs suspensions were incubated
for 24 h at 18 °C in the dark using LoBind Eppendorf®
tubes. The incubation was designed to promote the
formation of a mature protein corona in the CF. We used
the same number of particles per volume (50 × 1011 NPs
mL−1). After 24 h, NP–protein complexes were recovered
following the protocol outlined by Monopoli et al.28 The
samples were centrifuged at 18 000 × g for 15 min at 18
°C and washed three times with phosphate-buffered saline
(PBS) to remove the soft corona. The tightly bound protein
fraction were then eluted with 50 μL of a protein
solubilisation buffer (7 M urea, 2 M thiourea, 4% CHAPS
and 1% DTT), sonicated in a bath for 15 min, and
incubated at 25 °C for 15 min. These steps were repeated
twice. A 10 μL aliquot of the supernatant containing the
hard corona protein was used for analysis by SDS-PAGE
and the remaining portion was stored at −20 °C to be
later analysed by LC-MS (see below). Samples mixed with
2× reducing SDS sample buffer were heated for 5 min at
95 °C and loaded on 12% polyacrylamide gels. Gels were
stained with Coomassie brilliant blue and imaged to
visualize hard corona protein profiles.

The composition of the hard protein corona was
characterized by LC-MS/MS using two aliquots from the
same pooled CF sample as technical duplicates. Proteins
were initially denatured by adding 50 μL of denaturing
buffer (6 M urea, 25 mM NH4HCO3). Disulfide bonds were
reduced by adding 20 μL of 100 mM dithiothreitol (DTT) in
50 mM NH4HCO3, followed by incubation at 60 °C for 1 h.
Free thiol groups were subsequently alkylated by adding 20
μL of 120 mM iodoacetamide (IAM) in 50 mM NH4HCO3,

and the reaction was carried out in the dark for 1 h. A
second reduction step was then performed by adding 20 μL
of 100 mM DTT in 50 mM NH4HCO3, with incubation for 1
h at room temperature. Samples were diluted with 50 mM
NH4HCO3 to reduce the urea concentration to 1 M, and
proteins were digested by adding 4 μL of trypsin solution (1
μg μL−1 in 10 mM NH4HCO3). Enzymatic hydrolysis was
carried out for 16 h at 37 °C and subsequently stopped by
adding 10% formic acid. Samples were centrifuged at 10 000
rpm for 10 min and dried using a Savant concentrator.
Peptide mixtures were analyzed using an LTQ Orbitrap XL™
Hybrid Ion Trap-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany), as previously described.29 Raw
data files were processed with PeaksX PRO software,30

which enables de novo assisted protein identification. As a
reference database, we used the translation of the protein
coding sequences from the recently published genome of
the sea urchin P. lividus.31 The predicted proteome was
annotated with InterProScan.32 Functional enrichment
analyses were performed in R using the topGO package,33

employing as background the combined proteome detected
across all four NP types. To enable relative protein
quantification within each NP batch, normalized spectral
abundance factors (NSAF) were calculated from spectral
counts across samples.34 Principal component analysis
(PCA) was performed on NSAF values using R's prcomp
function with scaling.

2.4 Cultures of P. lividus coelomocytes for ecotoxicological
studies

In vitro cultures of coelomocytes from the sea urchin P. lividus
were obtained following published protocols.14,35 CF, used as
an exposure medium, was collected as previously described
using a 1 mL sterile syringe preloaded with CMFSW-EH
anticoagulant solution (calcium- and magnesium-free
seawater with EDTA and HEPES) in a 1 : 1 ratio to prevent
clotting (NaCl 460 mM; KCl 10.7 mM; EDTA 70 mM; HEPES
20 mM; Na2SO47 mM; NaHCO3 2.4 mM, pH 7.4), following
the procedure of Smith's protocol.36 The cell suspension was
obtained by centrifuging the CF at 600 × g for 20 minutes at 4
°C, followed by resuspension in 0.22 μm filtered CF. The
composition of the heterogeneous population of coelomocytes
(phagocytes, vibratile cells, red and white amoebocytes) was
observed prior to exposure to NPs, based on the work of
Pinsino and Matranga,37 using a Luna II automated cell
counter (Logos Biosystems Inc., see SI for instrument settings)
and confirmed by light microscopy using a FastRead® 102
camera. Coelomocytes suspensions in CF at a density of 1 ×
106 cells per mL in 24-well plates were incubated in the dark
at 18 °C for up to 4 h with the four batches of NPs at
concentrations of 25 μg L−1 and 25 mg L−1. The two
concentrations tested were chosen as acute and more realistic
exposure levels based on predicted environmental
concentration (PEC) for marine coastal areas as already
described.14,16 Exposure concentrations in all in vitro assays
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were expressed on a mass basis (μg L−1 and mg L−1), following
standard ecotoxicological analysis. Theoretical particle number
and total surface area corresponding to these concentrations
were estimated for each NP type and are reported in SI (SI1
Table S5). All experiments were conducted in triplicate. Data
are presented as mean ± SD. Statistical comparisons were
performed using a non-parametric Kruskal–Wallis test followed
by Dunn's post hoc multiple-comparisons test; significance
levels are indicated as *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

2.5 Cell viability

To assess coelomocytes viability we used the trypan blue
exclusion assay following the protocol by Strober et al.38 At
the end of the 4 h of exposure, coelomocytes were centrifuged
at 600 × g for 10 minutes at 4 °C, and then incubated with
0.4% trypan blue in 1× PBS for 4 minutes. Following
incubation, the cells were transferred onto slides and
examined using an optical light microscope (Olympus BX51,
Tokyo, Japan). The percentage of viable cells was determined
by counting the number of viable cells per 100 coelomocytes.

2.6 Lysosomal membrane stability

The neutral red retention time (NRRT) assay according to the
method by Lowe et al.,39 was adapted following the protocol
by Marques-Santos et al.14 At the end of 4 h of exposure, 200
μL of coelomocyte suspensions were placed on a 22 × 22 mm
coverslip and left in a humidified chamber at 18 °C for 1 h in
the dark. Then, cells were incubated for 30 minutes at 18 °C
with 200 μL of NR dye solution (final concentration of 40 μg
mL−1, prepared from a 40 mg mL−1 NR stock solution in
DMSO). Excess dye was removed by washing with a buffer
solution (20 mM HEPES; 436 mM NaCl; 53 mM MgSO4; 12
mM KCl; 12 mM CaCl2, pH 7.5), and the coverslips were
mounted on slides and sealed. The slides were then
examined every 15 minutes under an optical light microscope
(40×, Olympus BX51, Tokyo, Japan), and the percentage of
cells exhibiting NR dye leakage into the cytosol was recorded.
At each time point, an average of 100 cells was analyzed, with
the endpoint defined when 50% of the cells showed
lysosomal leakage, indicated by red-stained cytosol and
rounded cell morphology. The assay was conducted in
triplicate and repeated three times.

2.7 Red cell

At the end of 4 h of exposure, 100 μL of cell suspension was
placed on a slide and incubated for 1 h in a humid chamber
at 18 °C in the dark. After removing excess cells, the slide
was checked under an optical microscope (40×, Olympus
BX51, Tokyo, Japan) and the number of red amoeboids out of
100 immune cells was counted, without the use of any
staining procedure as they are readily distinguishable thanks
to their intrinsic pigmentation.

3. Results
3.1 Particle characterization

The behavior of the four types of NPs in Milli-Q and CF
investigated using DLS and TEM is shown in Fig. 1 and 2
and in Tables S1–S4. DLS profiles were recorded after
incubation at three different time points (T0, 12 h, and 24 h)
to monitor the dynamic evolution of the protein corona and
characterize NPs bearing either a soft and hard corona or
only the hard corona. TEM images were acquired at T0 in
Milli-Q and at 24 h of incubation in the CF, to provide
ultrastructural confirmation and dimensional measurements
of corona formation.

PS-NH2 and PS-COOH NPs appeared as monodisperse
suspensions in Milli-Q (Fig. 1A and B; Tables S1 and S2), with
average DH of 63.2 ± 1.3 and 81.0 ± 1.1 nm, respectively. Both
PS-based NPs displayed charged surfaces, as shown by the ζP
of +47.2 ± 1.3 mV (PS-NH2) and −39.6 ± 0.91 mV (PS-COOH),
respectively indicating a strong electrostatic stabilization
provided by surface functionalization.1 AgcitLcys NPs (Fig. 1C;
Table S3) showed a broader size distribution centered around
56.8 ± 2.3 nm when measured in intensity mode, reflecting
the contribution of larger aggregates, and a strongly negative
ζP (−51.8 ± 0.7 mV). This is consistent with the presence of
deprotonated carboxylate and thiol groups on the particle
surface, derived from the citrate and L-cysteine coating
suggesting also a moderate colloidal stability primarily driven
by electrostatic repulsion, in agreement with previous
studies.40,41 In contrast, TiO2 NPs formed large agglomerates
in Milli-Q (Fig. 2D; SI1 Table S4), reflecting the intrinsic
tendency of metal oxides to aggregate in the absence of
biological stabilizers, a behavior also consistent with the
rapid sedimentation and strong aggregation already described
in in natural water media.15,42

Upon suspension in CF (Fig. 2A1–D1; SI1 Tables S1–S4),
all four batches of NPs exhibited an increase in DH, reflecting
the rapid and nonspecific adsorption of proteins, i.e., the soft
corona. Despite their opposite bare surface charges, PS-NH2

and PS-COOH NPs increased to 208.4 ± 3.7 and 213.7 ± 0.01
nm, respectively, suggesting similar early adsorption
dynamics. Notably, AgcitLcys NPs exhibited a more
pronounced size shift (from 56.8 ± 2.3 nm to 307.8 ± 8.2 nm),
indicating strong interactions with CF proteins. This behavior
is likely influenced by the complex surface chemistry of silver
NPs functionalized with citrate and L-cysteine. TiO2 NPs
displayed the most significant increase (385.0 ± 18.6 nm),
consistent with extensive early aggregation. During the
subsequent 12 h, the protein corona continued to evolve
and significant aggregation was observed, particularly for
PS-based NPs. PS-NH2 reached 881.5 ± 142.9 nm, PS-COOH
361.2 ± 33.23 nm, AgcitLcys 117.1 ± 2.6 nm, and TiO2 293.9
± 33.5 nm. After 24 h, a general reduction in DH to similar
values was observed: PS-NH2 to 151.4 ± 2.5 nm, PS-COOH to
146.9 ± 3.5 nm, AgcitLcys to 149.5 ± 2.2 nm, whereas TiO2

NPs remained aggregated at 237.0 ± 3.9 nm. This
dimensional evolution reflected a dynamic adaptation of the
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Fig. 2 Dynamic characterization of NPs by DLS and ζP in Milli-Q (T0) and in CF at different time points (T0, 12 h, 24 h). Charts A–D display the
intrinsic dimensions and ζP of the NPs in Milli-Q. Charts A1–D1 illustrate the DH and ζP evolution of the NPs in CF over time. Charts A2–D2 show
the NPs following PBS washes, where only the hard corona remains.
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protein corona, likely driven by the surface chemistry of the
NPs and the nature of the adsorbed proteins. The initial
aggregation of PS-NH2 was significant and could be
attributed to multivalent interactions between surface amine
groups and CF proteins, which promoted protein bridging
and aggregation.12 Subsequent size reduction suggests
reorganization of the corona into a more compact,
stabilized configuration, possibly favored by the enrichment
in high-affinity proteins. Similar behavior was observed for
PS-COOH and AgcitLcys, suggest instead a nuanced
interplay between electrostatic attraction and steric
hindrance, a balance also noted by Oliani et al.43 in
polymeric nanocomposites, where surface ligands modulate
both aggregation and colloidal stability. In the case of TiO2,
partial disaggregation may have resulted from corona
restructuring mediated by the competitive adsorption of
specific proteins, consistent with prior reports.18 Although
the NPs analyzed initially exhibited different surface
charges, positive for PS-NH2 and negative for PS-COOH,
AgcitLcys and TiO2, after exposure to the CF, all showed
similar negative ζP values (−8.1 ± 1.9 to −11.2 ± 2.3 mV).
This behavior reflects the dominant effect of negatively
charged plasma proteins present in the CF, which
preferentially adsorb onto various surfaces, effectively
masking the electrostatic properties of the NPs. For PS-NH2,
in particular, a rapid shift from a positive to a negative ζP
was observed. This charge reversal, together with the
subsequent homogenization of ζP values between different
types of NPs, are key indicators of mature corona formation
and suggest that the composition of the adsorbed protein
layer is the main determinant of colloidal behavior in
biological environments.17,44

In all cases, we also characterized the hard corona by
performing several washing steps on the NPs recovered from
the CF after incubation as described in methods (Fig. 2A2–D2;
SI1 Tables S1–S4). Already at T0, NPs DH increased, reflecting
the selective binding of high-affinity proteins (PS-NH2: 208.4 ±
3.7 nm; PS-COOH: 213.7 ± 5.7 nm; AgcitLcys: 307.8 ± 8.2 nm;
TiO2: 385.0 ± 44.1 nm). After 12 h, PS-NH2, PS-COOH and
TiO2 NPs formed large aggregates, exceeding 1 μm,
demonstrating that high-affinity proteins in the hard corona
mediate multivalent cross-linking and promote aggregation.
AgcitLcys NPs appeared slightly smaller, with an average
radius of 788.2 ± 163.10 nm. This apparently counterintuitive
increase of the particle size is a consequence of the removal
of the soft corona, which usually provides a steric cushion
preventing further NP proximity and aggregation. The
compact hard corona, formed by tightly bound high-affinity
proteins, fosters irreversible cross-linking and aggregation,
while its rigidity limits conformational flexibility under
shear, causing increased DH, a behaviour previously
observed also in Tenzer and Walkey papers,44,45 who
highlighted the critical role of the hard corona in NPs
aggregation and colloidal stability. Again, size reduction was
observed after 24 h (to ∼602.0 ± 157.9 nm for PS-NH2,
∼530.0 ± 18.41 nm for PS-COOH, ∼484.0 ± 28.9 nm for

AgcitLcys, and ∼1228 ± 469.3 nm for TiO2) and in all cases
the ζP converged to similarly negative values (from −22.1 ±
0.8 to −26.6 ± 0.6 mV).

3.2 TEM observations and dimensional variation analysis

TEM images were acquired at T0 in Milli-Q and after 24 h in
CF (Fig. 3 and SI1 Fig. S1). These observations complemented
and confirmed DLS data: PS-NH2 and PS-COOH NPs
exhibited sizes closely related to their PS core in Milli-Q, with
a more uniform size distribution for PS-NH2, likely due to the
increased electrostatic repulsion imparted by the surface
amine groups (Fig. 3A and B). Despite their smaller nominal
size and strong negative ζP, AgcitLcys NPs formed larger
aggregates in Milli-Q. This unexpected behavior may result
from the dual surface coating with citrate and L-cysteine,
which could lead to uneven charge distribution or weak
inter-particle interactions. Moreover, the thiol groups of
L-cysteine might undergo oxidation under ambient
conditions, potentially forming disulfide bridges between
NPs, thus contributing to aggregate formation (Fig. 3C). TiO2

NPs exhibited a pronounced tendency to agglomerate even in
Milli-Q (Fig. 3D), consistent with previous findings reporting
marked agglomeration and rapid sedimentation irrespective
of ionic strength.42,46 After 24 h in CF, a significant size
increase due to protein corona formation was observed for all
four batches. PS-NH2 and PS-COOH NPs exhibited uniform,
well-defined protein coatings with a thickness of 15–20 nm
(Fig. 3A1 and B1), while AgcitLcys NPs showed a slightly
thinner corona of 10–15 nm, indicating stable and
homogeneous interactions with the proteins of the CF
(Fig. 3C1). On the other hand, TiO2 showed significant
dimensional increase but a less defined corona (Fig. 3D1 and
S1), likely due to lower protein affinity and stronger NP
aggregation, obscuring the adsorption surface.18,47

Following two PBS washes, which removed weakly
associated proteins, a residual hard corona of 4–9 nm
persisted on both PS NPs (Fig. 3A2 and B2), while both
metal-based NPs displayed a slightly thinner hard corona
layer (3–5 nm, Fig. 3C2 and D2). PS-NH2 and PS-COOH in CF
suspension remained well dispersed, with only slight
reductions in composite diameters, confirming the stability
of the protein–NP interactions. AgcitLcys NPs also retained a
visible protein layer despite aggregation in CF, whereas TiO2

formed extensive agglomerates that were difficult to quantify
accurately (Fig. S1). This observed tendency toward
aggregation, particularly for TiO2, may be attributed not only
to their intrinsic colloidal instability but also to technical
factors related to NP concentration during the centrifugation
steps used for washing, as previously reported in the
literature.18,43

3.3 Proteomic characterization of the hard corona

In order to assess whether the differences in the biophysical
properties of the protein coronas reflected their
compositional variations, we performed a biochemical and
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Fig. 3 Morphological and dimensional characterization of PS-NH2, PS-COOH, AgcitLcys, and TiO2 NPs using TEM and quantitative analysis with
ImageJ. Panels A–D show the pristine morphology and size of the NPs in Milli-Q. Panels A1–D1 display the same NPs after 24 hours of incubation
in CF, highlighting the formation of the protein corona (hard + soft). Panels A2–D2 show the NPs after three PBS washes, retaining only the high-
affinity protein layer (hard corona); arrows indicate the residual hard corona on the NP surface.
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proteomic characterization of the proteins constituting the
hard corona formed on the four NPs types after 24 h of
incubation in cell free CF. SDS-PAGE profiles of the detached
hard corona proteins (Fig. S2) revealed well-resolved bands,
ranging from <20 kDa to >250 kDa. Although a broad array

of proteins was present in all samples, each NPs type
exhibited a characteristic band pattern consistent with
surface-chemistry-driven selectivity, as previously
reported.18,48,49 These differences among electrophoretic
patterns were further validated by shotgun proteomics

Fig. 4 Comparative proteomic characterization of the hard corona formed on four types of NPs: AgcitLcys, PS-NH2, PS-COOH and TiO2, after
incubation in cell-free CF of P. lividus. A) Venn diagram showing the number of unique and shared proteins among the four NP types. B) Bar plot
representing the relative abundance (NSAF) of the 20 most significant proteins across all coronas. C) PCA summarizing the similarity and clustering
of protein profiles associated with each NP type. D) GO enrichment analysis showing the top biological processes and molecular functions
represented in the protein coronas of each NP. In panel D, circle size reflects the number of proteins associated with each GO term, while color
intensity represents the statistical significance of enrichment (logarithm of the adjusted p-value).
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analyses: a total of 126 proteins were identified across all
experimental conditions (Fig. 4A and S2), of which only 39
(31%) were shared by the four NP batches.

On the other hand, several unique proteins were found
for each of the four NPs, and specifically 23 for AgcitLcys,
17 for PS-COOH, 5 for PS-NH2 and only 3 for TiO2 (Fig. 4A
and S2). This highlights possible selectivity of each type of
NPs in capturing proteins based on their surface chemistry
and behaviour in the water media. To better compare the
protein content of the coronas assembled on the different
NPs, we performed a label free quantification of the
absorbed proteins by calculating, for each condition, the
normalized spectral abundance factors (NSAF), which
provide an estimate of the relative abundance of each
protein within the sample. Fig. 3B shows the distribution
of the 20 most abundant proteins detected in the four NPs
and their relative abundance on each NP. Interestingly,
while the overall distribution was globally conserved, a few
cases emerged of proteins that seemed to be preferentially
absorbed on PS NPs, independently on their surface
functionalization. This is the case, for instance, of the
complement C3 proteins (PL25890.1 and PL25768.1), of
spermadhesin (PL25464.1) and of the toposome (Major Yolk
Protein, MYP), which is the most abundant protein within
the CF. On the other hand, proteins belonging to specific
enzyme superfamilies, such as the glutathione-S-transferases
(PL21312.1 and PL23511.1), the betaine-homocysteine-S-
methyl transferase (PL16565.1) and other more generally
involved in the redox balance were relatively more
abundant in the corona of metal-based NPs. This
observation suggests that the composition of the hard

corona does not directly reflect the relative protein
abundances in the CF.

Globally, our analysis highlighted the existence of a
closest relationship between the coronas formed on PS NPs,
regardless functionalization, vs. metal-based NPs, as better
summarized by the results of the PCA performed on the
proteins' calculated NSAFs (Fig. 4C). This is consistent with
previous findings,50 showing that silica and PS NPs acquire
markedly different coronas when incubated in the same
medium, due to their distinct surface chemistries. These
results are also in agreement with quantitative proteomic
analyses of metallic NPs, reporting between 33 and 37%
overlap in corona proteins between AuNPs and AgNPs after
incubation in human serum.51,52 Similarly, previous studies
by 2D electrophoresis followed by MS analyses highlighted
only marginal variations in the hard corona of PS-NH2 vs. PS-
COOH NPs, consistent with their identical PS cores and
incubation protocols. This indicates that, in the absence of
differences in the NP core-composition, surface
functionalization primarily modulates the relative
abundances of secondary corona constituents, rather than
reshaping the dominant protein portion.12

On the other hand, several unique proteins have been
detected in each condition, particularly for AgcitLcys and
PS-COOH NPs, (Table 1). Among the 23 proteins uniquely
identified in the hard corona of AgcitLcys NPs,
approximately one-third belong to well-known antioxidant
families. These include three glutathione S-transferases
(PL22978.1, PL22170.1, PL23506.1), an aldo-keto reductase
(PL23316.1), and a partial glutaredoxin (PL23511.1), all
enzymes involved in neutralizing reactive oxygen species

Table 1 Unique proteins detected in the hard corona of AgcitLcys and PS-COOH NPs after 24 h of incubation in P. lividus CF. The table lists protein
IDs and corresponding InterPro annotation

AgcitLcys PS-COOH

Protein ID InterPro annotation Protein ID InterPro annotation

PL30406.1 Adenylate kinase/UMP-CMP PL07830.1 Cueball/EGF/LRP/nidogen
PL08543.1 Inositol monophosphatase-like PL07343.1 —
PL16055.1 Short-chain dehydrogenase/reductase PL36227.2 Fibrocystin
PL22978.1 Glutathione S-transferase superfamily PL03114.1 Scavenger receptor cysteine-rich
PL25915.3 Kynurenine–oxoglutarate transaminase PL00623.1 —
PL22170.1 Glutathione S-transferase PL09805.5 Lipocalin
PL38374.1 Transaldolase/fructose-6-phosphate aldolase PL29004.1 Alpha-2-macroglobulin/complement system
PL20764.1 Regucalcin (Ca) PL05728.2 Complement and asymmetry regulator
PL10208.1 Zinc-containing quinone oxidoreductase PL02224.1 Vitellogenin/apolipophorin
PL23511.1 Glutaredoxin (partial) PL34921.1 Protein disulphide isomerase
PL30422.1 14-3-3 protein PL39025.1 Endoglin/TGF-beta receptor type III
PL27336.1 P-loop containing nucleotide triphosphate hydrolase PL26698.1 Peptidase S1A, chymotrypsin family
PL31241.1 Peroxisomal sarcosine oxidase PL13592.1 Malate dehydrogenase, type 1
PL22951.1 P-loop containing nucleoside triphosphate hydrolase PL25700.1 Scavenger receptor cysteine-rich
PL22992.1 Inorganic pyrophosphatase (Mg) PL04694.1 Calcium-dependent lectin
PL26998.2 P-loop containing nucleoside triphosphate hydrolase PL17524.1 Ezrin/radixin/moesin-like
PL01820.1 Sorbitol dehydrogenase-like PL00368.1 Tropomyosin
PL32335.2 Short-chain dehydrogenase/reductase SDR
PL28243.1 P-loop containing nucleoside triphosphate hydrolase
PL23316.1 Aldo-keto reductase
PL23506.1 Glutathione S-transferase
PL31299.1 Peroxisomal sarcosine oxidase
PL38692.1 Ankyrin repeat-containing domain superfamily
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(ROS) and detoxifying oxidized biomolecules. Also present is
a zinc-containing quinone oxidoreductase (PL10208.1),
which may prevent semiquinone radical formation, along
with several short-chain dehydrogenases/reductases
(PL16055.1, PL32335.2, PL01820.1), a large family of NAD-
dependent oxidoreductases with broad substrate specificity.
The corona also includes key metabolic regulators, such as
adenylate kinase (PL30406.1), which balances cellular levels
of ATP, ADP, and AMP, and transaldolase (PL38374.1), an
enzyme in the pentose phosphate pathway that supports
NADPH production. These are accompanied by four P-loop
NTP hydrolases (PL27336.1, PL22951.1, PL26998.2,
PL28243.1) and an inorganic pyrophosphatase (PL22992.1),
proteins involved in nucleotide turnover and phosphate
homeostasis. In addition, proteins associated with
intracellular signaling were identified, including a 14-3-3
protein (PL30422.1), a scaffold that regulates kinases and
phosphoproteins, and regucalcin (PL20764.1), which
modulates calcium homeostasis and metabolic regulation.
Two peroxisomal sarcosine oxidases (PL31241.1, PL31299.1),
possibly involved in hydrogen peroxide (H2O2) production
and amino acid catabolism, and an ankyrin-repeat protein
(PL38692.1) of unknown function completed the profile.

The unique PS-COOH corona protein profile revealed
instead a strong extracellular and immunogenic protein
content, in contrast to the metabolically active, redox-focused
corona observed for AgcitLcys NPs. Among the most
represented protein families, we detected several components
involved in innate immune responses, including two
scavenger receptor cysteine-rich (SRCR) domain proteins
(PL03114.1, PL25700.1), an alpha-2-macroglobulin/
complement-like factor (PL29004.1), and a complement/
asymmetry regulator (PL05728.2). The corona also included
proteins involved in transport and signaling, such as
vitellogenin/apolipophorin (PL02224.1), a key lipoprotein in
reproduction and lipid transfer, and a lipocalin (PL09805.5),
a lipid transporter. Several proteins with structural or
cytoskeletal functions were identified, including ezrin/
radixin/moesin-like protein (PL17524.1), tropomyosin
(PL00368.1), fibrocystin (PL36227.2), and a chymotrypsin-like
serine peptidase (PL26698.1), as well as Cueball/EGF/LRP/
nidogen-domain protein (PL07830.1), endoglin/TGF-beta
receptor type III (PL39025.1), and protein disulfide isomerase
(PL34921.1), which are also involved in cellular architecture,
cytoskeletal organization, and membrane-associated
scaffolding, all of which reinforce the extracellular and
surface-oriented profile of this corona.

From Table 1 (see SI2), the divergent corona compositions
of AgcitLcys and PS-COOH NPs directly reflect their distinct
surface chemistries and thereby define their biological
identities. AgcitLcys NPs, comprising an Ag0/Ag+ core
enveloped by a citrate/L-cysteine bilayer, present both
deprotonated carboxylate (–COO−) and thiolate (–S−) moieties.
The thiolate groups facilitate strong coordination with
cysteine residues and histidine imidazole nitrogens on
protein surfaces, while the carboxylates attract lysine- and

arginine-rich domains via long-range electrostatic
interactions. The combination of carboxylate and thiolate
groups therefore represents a plausible physicochemical
basis for selective protein adsorption on AgcitLcys NPs.
Because coronas were generated in cell-free CF, the resulting
protein composition reflects affinity-driven interactions with
the pre-existing CF proteome rather than active biological
responses to NP exposure. Within this context, the marked
enrichment of intracellular enzymes, particularly those
involved in redox catalysis and energy metabolism, suggests a
preferential association with redox-sensitive proteins that
could contribute to perturbation of oxidative homeostasis
and to potential pro-oxidant activity.

Conversely, PS-COOH NPs lack redox-active metal centers
and instead display a uniformly hydrophilic, negatively
charged carboxylate surface. Their corona is thus formed
predominantly through electrostatic attraction and hydrogen
bonding with extracellular matrix and immune-related
proteins, including lectins, complement factors, and
adhesion molecules. Such interactions yield a comparatively
inert protein coating that is likely to favor recognition and
clearance by phagocytic systems, without directly
compromising key intracellular enzymatic pathways.
Consequently, PS-COOH exhibits a more benign biological
profile than AgcitLcys, underscoring the critical importance
of surface chemistry in dictating NP–protein corona
formation, subsequent biodistribution, and ecotoxicological
outcome.

In order to correlate the proteomic profiles with
potential biological and ecotoxicological outcomes, we
performed a GO enrichment analysis on the proteins
detected on each batch of NPs, using as background the
total proteome characterized (Fig. 4D). Although suffering
from limitations from the low number of proteins in the
samples, the analysis provided a qualitative overlook of the
enrichment of terms related to specific biological processes
and molecular functions. Specifically, as anticipated, the
protein corona of AgcitLcys NPs was enriched in
oxidoreductases, but also hydrolases, serine-type peptidases,
and proteins binding metals and nucleotides. This
composition reflects the bifunctional citrate–L-cysteine
surface coating and the thiol-rich nature of the marine
CF.45,53 Such a profile predicts strong ROS generation,
extracellular matrix degradation, and selective Ag+ release
in acidic intracellular compartments such as lysosomes
mechanisms, that correlates with the immunotoxic effects
observed in P. lividus coelomocytes in this study (see
in vitro results). Although the citrate/L-cysteine coating
confers greater colloidal stability compared to commonly
used commercial silver NP (AgNP) formulations, only partial
complexation of Ag+ occurs in high ionic strength water
solutions (e.g., seawater), where chloride ions (Cl−) can bind
to AgcitLcys, limiting its availability. Nevertheless, a fraction
of Ag+ remains bioavailable and may contribute to
biological effects. This residual ionic release, potentially
enhanced under acidic conditions such as those found in
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lysosomes, could help explain the selective recruitment of
redox-active and detoxifying proteins within the corona.41,54

Similarly, the TiO2 NP corona was enriched in GTPases,
purine-binding proteins, and microtubule components, a
pattern that is consistent with activation of endocytic
pathways and cytoskeletal remodeling, potentially
facilitating uptake. The functional profile was more oriented
toward redox and metabolic regulation than the “adhesive”
coronas previously described by Alijagic et al.18 dominated by
lectins and adhesion proteins. It is important to note that
Alijagic's study relied primarily on immunoblotting for
protein identification rather than LC-MS/MS-based analysis
used in the present study. While immunoblotting-based
analyses are inherently targeted toward a limited number
of predefined proteins, our approach provides a broader
and more unbiased characterization of hard corona
composition, enabling the detection of less abundant
proteins and expanding previous results. As later shown
by the same group,47 the TiO2 corona can induce a

transient immunometabolic tolerance by downregulating
NF-κB and MAPK14 and activating antioxidant pathways,
potentially leading to progressive redox imbalance and
oxidative stress.

As for the polymeric NPs, previous findings revealed that
PS-COOH and PS-NH2 shared a core of metabolic enzymes
involved in carbohydrate, oxoacid, and organic compound
turnover, but displayed marked functional specialization.12

PS-COOH was mainly enriched in hydrolases, peptidases, and
peptidase inhibitors, consistent with the affinity of negatively
charged surfaces for enzyme regulators that protect against
excessive proteolysis.55 In contrast, PS-NH2 NPs coronas were
enriched in enzymes involved in sulfur, organonitrogen,
and nucleotide metabolism, as well as in nucleotide-
binding proteins and cytoskeletal components. These
features are consistent with enhanced activation of redox
pathways and endocytic mechanisms such as
macropinocytosis, in agreement with previous findings in
P. lividus and M. galloprovincialis.14,56

Fig. 5 A) Percentage of viable coelomocytes relative to the total number of cells analyzed following exposure to each NP type at (a) 25 μg L−1 and
(b) 25 μg mL−1. B) Lysosomal membrane stability expressed as the percentage of coelomocytes showing destabilized lysosomes, assessed by the
NRRT assay (100 cells scored per replicate). Significance levels are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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The characterization of NP size, surface charge, and
protein corona composition provides a crucial foundation for
understanding their biological behavior and overall impacts.
Our results demonstrate that the composition of the hard
protein corona is strongly dictated by the surface chemistry
of the NPs, shaping not only the nature of adsorbed proteins
but also their functional identity and relative abundance.
Metal-based NPs, AgcitLcys and TiO2, formed coronas
enriched in redox-active enzymes and intracellular regulators,
indicating a higher potential for cellular interaction and
biological reactivity. These observations suggest a more
pronounced biological reactivity, which may translate into
cytotoxic effects in marine invertebrate immune cells.

In contrast, PS-based NPs formed coronas dominated by
metabolic and extracellular proteins, with PS-COOH showing
a profile suggestive of regulatory and protective interactions,
and PS-NH2 reflecting a more active engagement in redox
and uptake-related processes. These distinct profiles suggest
a more moderate and surface-functionalization-dependent
biological impact compared to metal-based NPs. Taken
together, these findings provide a mechanistic framework to
interpret the results of subsequent ecotoxicological
investigations on P. lividus coelomocytes.

3.4 Ecotoxicological assays on P. lividus coelomocytes

Following the characterization of NPs incubated in the CF of
P. lividus, we proceeded to assess the associated
ecotoxicological effects. The selected biological endpoints
were coelomocyte viability, lysosomal membrane stability,
and the relative abundance of red cells (Fig. 5), used as
functional indicators of coelomocytes health status.25 The
effects of different types of NPs on coelomocytes were
investigated at two concentrations: one environmentally
relevant (25 μg L−1) and one representing an acute exposure
scenario (25 μg mL−1).57–59 The results clearly showed that
both the surface chemistry of the NPs and the functional
composition of the associated protein corona are key
determinants of sea urchin immune cell responses.

The analysis of coelomocyte viability revealed distinct
effects depending on NP type and concentration. PS-COOH
NPs had no significant effect on cell viability at either
concentration tested, whereas PS-NH2 NPs led to a
moderate, yet statistically significant, reduction in viability,
particularly at a concentration of 25 μg mL−1 (Fig. 5A). This
suggests that amino-modified PS NPs exhibit more intense
cellular interaction and may induce intracellular stress. Both
metal-based NPs, AgcitLcys and TiO2, caused concentration-
dependent decreases in cell viability, with effects observable
even at lower concentrations (Fig. 5A). AgcitLcys NPs
triggered the strongest reduction (∼50% at 25 μg mL−1),
while TiO2 induced a milder reduction. The observed results
indicate that assessing coelomocytes viability is a sensitive
and early indicator of sub-lethal cytotoxicity. This is
particularly useful for monitoring the effects of NPs-induced
stress under ecologically relevant conditions. This biomarker

integrates information about particle–cell interaction,
intracellular accumulation, and potential alterations in
metabolic and homeostatic processes.

Lysosomal membrane stability was also investigated as a
complementary endpoint, to further explore NP-induced
stress and internalization dynamics. Lysosomes are key
organelles in immune cells such as coelomocytes, responsible
for degrading internalised materials and regulating
intracellular homeostasis. Their structural integrity is
therefore particularly sensitive to xenobiotic exposure and
oxidative imbalance. Disruption of lysosomal membranes is a
well-established marker of sublethal stress, providing early
insight into the cytotoxic mechanisms induced by NPs. Using
the neutral red retention time (NRRT) assay, we observed that
all four types of NPs caused an increase in lysosomal
destabilisation that was dependent on concentration. The
most pronounced effects were again induced by AgcitLcys
and TiO2 NPs, leading to nearly 50% of cells exhibiting
destabilised lysosomes at the highest tested concentration
(25 μg mL−1, Fig. 5B). PS-NH2 induced moderate yet
statistically significant destabilisation, while PS-COOH had
only a minimal impact, confirming its relative
biocompatibility (Fig. 5B). These results align with previous
findings in P. lividus and other marine invertebrates, where
metal-based NPs have been shown to compromise lysosomal
integrity.17,60,61 The limited impact of PS-COOH NPs can be
explained in light of studies from both marine and
mammalian systems, which have demonstrated that the
surface charge of NPs plays a critical role in modulating their
intracellular fate and associated toxicity.62,63 Negatively
charged NPs, such as PS-COOH, tend to escape from the
lysosomal compartment and interact with other subcellular
targets, potentially triggering mild cellular stress without
directly disrupting lysosomal membranes.14,64,65 Conversely,
positively charged NPs like PS-NH2 are more likely to
destabilise lysosomes via the proton sponge effect, causing
osmotic swelling, membrane rupture, and the generation of
reactive oxygen species (ROS), which in turn activate broader
damage pathways.66 These mechanisms are reflected in the
observed lysosomal responses, reinforcing the relevance of
lysosomal membrane stability as a sensitive and
mechanistically informative assay of sublethal cellular
dysfunction under environmentally realistic exposure
scenarios.

Finally, we assessed the relative abundance of coelomocytes,
which offers an additional, functionally relevant biomarker for
evaluating immune activation in P. lividus. In this species, in
fact, pigmented cells known as red spherule cells play a central
role in innate immunity due to their content of echinochrome
A, a pigment with well-documented antioxidant, antimicrobial,
and iron-chelating properties.26,67 Upon immune challenge or
cellular stress, the number of red spherule cells can increase,
likely through mobilization from internal reservoirs or local
proliferation. This cellular response contributes to the
organism's defence against pathogens and environmental
stressors, highlighting the importance of these cells as sensitive

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
 D

eg
li 

St
ud

i d
i N

ap
ol

i F
ed

er
ic

o 
II

 o
n 

5/
4/

20
26

 2
:5

2:
09

 P
M

. 
View Article Online

https://doi.org/10.1039/d5en00836k


Environ. Sci.: Nano This journal is © The Royal Society of Chemistry 2026

indicators of immune activation.25,67,68 In our experiments,
exposure to all types of NPs resulted in an increase in the
frequency of red cells compared to controls, although with high
variability between individuals and experimental replicates, as
shown in Fig. S3/Table S6. This variability was independent of
core composition, particle size or NP concentration; rather, it
reflects the well-documented plasticity of the invertebrate
immune system.67,69 Despite the high variability, the overall
direction of the response consistently pointed toward an
increase in red cells, suggesting that NPs are recognized as
foreign stimuli and trigger a protective or inflammatory
response. This behavior is consistent with previous studies on
the sea urchin P. lividus to the pesticide lindane, which showed
an increased proportion of red cells even as total coelomocyte
counts decreased.70 Similarly, a significant rise in pigmented
and non-pigmented spherule cells was reported in tropical sea
urchins subjected to thermal stress, supporting their role as
sensitive stress biomarkers.69 However, the red cell response
appears to be a rather non-specific or generalized indicator of
immune activation, especially compared to more targeted
biomarkers, such as cell viability or lysosomal stability. In this
context, the lack of statistically significant changes in red cell
proportions across treatments may be attributed to the broad,
non-selective nature of this response, which may not
discriminate sharply between different types or concentrations
of NPs. Furthermore, the relatively short exposure time of 4 h
may have been insufficient to elicit robust or distinguishable
red cell responses across experimental groups. This time
window reflects a technical limitation widely recognized in
echinoderm cell culture systems, as coelomocytes rapidly lose
viability and functional integrity beyond 4–5 hours post-
extraction, even under carefully controlled
conditions.37,41,54,71,72 The inability to maintain coelomocytes
in vitro for extended periods represents a key constraint in the
design of longer-term ecotoxicological assays and may hinder
the detection of more delayed or cumulative immune
responses.

Overall, the ecotoxicological responses observed in P.
lividus coelomocytes reflected distinct mechanisms of action
associated with each NP type. The pronounced cytotoxic
and lysosomal effects induced by AgcitLcys were likely the
result of multiple, interconnected processes. In addition to
NP-specific properties and the biological identity conferred
by the protein corona, a key contributing factor is the
partial release of bioavailable Ag+ ions from the NP surface.
Silver NPs are well known to undergo surface oxidation and
dissolution in aqueous media, particularly under high ionic
strength conditions such as seawater. The citrate/L-cysteine
coating used for AgcitLcys provides improved colloidal
stability but does not fully prevent ion exchange processes.
As demonstrated by Bellingeri et al.,72 the nature of the
capping layer critically determines dissolution kinetics and
the resulting (eco)toxicity of AgNPs, with residual silver
release remaining an important driver of biological effects
even for coated formulations. In biological fluids, adsorbed
proteins forming the corona can further modulate surface

reactivity and silver speciation, potentially influencing
cellular delivery. Previous investigations on aquatic
invertebrate cells indicate that internalized AgNPs are
typically trafficked to acidic intracellular compartments
such as endosomes and lysosomes.40,53,72 Under these
conditions, protonation and ligand exchange reactions may
enhance Ag+ liberation from the particle surface. Free or
weakly complexed Ag+ ions are known to be highly reactive
toward cellular thiol groups and can bind to cysteine-rich
proteins, potentially disrupting enzymatic activity and
weakening antioxidant defenses. Although these processes
were not directly measured in the present study, they
provide a plausible mechanistic framework to interpret the
strong biological effects observed for AgcitLcys NPs. In this
context, the enrichment of redox-related and detoxification
enzymes detected in the AgcitLcys corona is consistent with
the propensity of AgNPs to interact with proteins involved
in oxidative stress regulation. In contrast, TiO2 NPs, while
still eliciting measurable biological responses, exerted
milder effects, consistent with their recognized
biopersistence and lower reactivity in marine invertebrate
models. The milder cellular response elicited by TiO2 NPs
aligns with previous results by Alijagic et al.,18 on the
formation of a protein corona around TiO2 particles
incubated in CF. This corona facilitates an organised
pattern of cellular uptake without causing morphological or
functional alterations. Subsequent studies have described
transient downregulation of inflammatory genes and
upregulation of antioxidant pathways in TiO2 exposed
coelomocytes, suggesting a temporary state of
immunometabolic tolerance.47 Furthermore, TiO2 has been
shown to stimulate phagocytic activity via TLR/p38 MAPK
signalling, which supports the hypothesis that the protein
corona orchestrates a biologically recognised and
physiologically regulated interaction.18 The moderate
toxicity associated with PS-NH2 NPs may be ascribed not
only to their originally positive surface charge, which
facilitates protein adsorption and initial cellular uptake, but
also to the composition of their acquired protein corona.
Upon incubation in CF, PS-NH2 particles tend to develop a
corona enriched in stress-related and immunomodulatory
proteins, which, despite reversing the net surface charge to
negative, can still promote internalization and
destabilization of lysosomal membranes. In contrast, the
negligible impact of PS-COOH NPs supports the notion that
their corona composition leads to reduced cellular
interaction and minimal subcellular disruption. These
findings align with previous studies in sea urchin
coelomocytes, supporting a particle-type-specific pattern of
biological interaction and ecotoxicity. Several studies have
confirmed that cationic NPs disrupt homeostasis through
increased internalization and stimulation of oxidative
pathways, ultimately leading to cytotoxicity.12,14,17,50 These
results acquire stronger significance in light of the above
proteomic characterization of the hard corona formed
around the NPs. The protein composition clearly reflected
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the physicochemical nature of the particles and exhibited a
strong correlation with the observed biological effects.

PS-COOH and PS-NH2 NPs exhibited divergent protein
corona profiles. The corona of PS-COOH was enriched in
proteins involved in extracellular immune recognition and
modulation of inflammatory responses. Protease inhibitors
may help reduce inflammation by protecting tissues from
proteolytic stress, while lectins and complement proteins
promote controlled, non-inflammatory immune recognition.
This proteomic pattern is consistent with the observed higher
biocompatibility, suggesting low levels of cellular
internalization and immune activation. In contrast, PS-NH2

coronas contain redox enzymes, cytoskeletal proteins, and
metabolic enzymes involved in sulfur and nitrogen cycling.
The presence of redox enzymes indicates the occurrence or
anticipation of oxidative stress, whereas cytoskeletal proteins
may reflect or promote active internalization and cellular
reorganization. These features suggest that PS-NH2 are
rapidly internalized by coelomocytes, triggering subcellular
stress and functional alterations, consistent with the
observed effects on cell viability and lysosomal
destabilization.

Metal-based NPs, AgcitLcys and TiO2, displayed partially
overlapping proteomic signatures, including oxidoreductases,
glutathione S-transferases, and metal-binding proteins, all
involved in detoxification and redox regulation. Notably, the
coronas of AgcitLcys NPs were particularly enriched in stress-
related proteins and immune mediators, suggesting a high
affinity for molecules typically associated with oxidative and
inflammatory responses. This composition may predispose
the NPs to trigger such pathways upon cellular interaction,
potentially exacerbated by the release of Ag+ ions, known to
disrupt cellular structures and inhibit antioxidant defenses.
Conversely, the coronas of TiO2 were characterized by a
higher representation of GTPases and cytoskeletal
remodeling proteins, supporting a controlled internalization
mechanism and adaptive cellular responses, in line with the
milder effects observed on coelomocytes.

The observed toxicity gradient (AgcitLcys > TiO2 > PS-NH2

> PS-COOH) mirrored the functional roles of the corona-
associated proteins, highlighting how specific protein sets
can modulate particle–cell interactions, internalization
capacity, and the activation of pro-inflammatory or adaptive
cellular responses. In this context, the protein corona
composition emerges as a mechanistic link between NP
identity and biological impact, reinforcing the relevance of
P. lividus coelomocytes as a sensitive and informative model
for marine nanotoxicology.

Conclusions

This study provides an integrated view of how engineered
NPs interact with the CF of P. lividus, highlighting the role of
the protein corona in modulating biological outcomes at the
cellular level. By combining physical characterization (DLS
and TEM), proteomic profiling, and ecotoxicological

bioassays, we demonstrate that both the core composition
and surface functionality of NPs dictate distinct patterns of
protein adsorption and, in turn, influence cellular responses
such as viability, lysosomal stability, and immune activation.
Our findings reinforce the pivotal role of the protein corona
as a molecular interface that governs NP–cell interactions,
determining recognition, internalization, and downstream
biological effects. In this context, corona composition
analysis emerged as a crucial step for understanding NPs
behavior in biological fluids and should be considered a key
element in nanosafety assessment strategies. Additionally,
the selected functional endpoints-cell viability, lysosomal
membrane stability, and red cell activation, proved to be
sensitive and informative endpoints and biomarkers for
detecting sublethal stress in marine invertebrates under
environmentally relevant conditions. These results confirm
the suitability of sea urchin coelomocytes as a robust and
ecologically relevant model for marine nanotoxicology. Taken
together, this work contributes to the development of safer
nanomaterials by identifying compositional and functional
traits that correlate with reduced ecotoxicity. The integration
of proteomic and cellular-level functional analyses offers
valuable insights for regulatory frameworks and future safe-
by-design approaches aimed at minimizing the environmental
and biological risks associated with NP exposure.
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