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Abstract

We report that the immunogenicity of colloidal gold nanoparticles coated with polyvinylpyrrolidone
(PVP—AuNPs) in a model organism, the sea urchin Paracentrotus lividus, can function as a proxy for
humans for in vitro immunological studies. To profile the immune recognition and interaction from
exposure to PVP—-AuNP (1 and 10 pg particles mL"), we applied an extensive nano-scale approach,
including particle physicochemical characterisation involving immunology, cellular biology, and
metabolomics. The interaction between PVP—AuNPs and soluble proteins of the sea urchin
physiological coelomic fluid (blood equivalent) results in the formation of a protein “corona”
surrounding the NP from three major proteins that influence the hydrodynamic size and colloidal
stability of the particle. At the lower concentration of PVP—AuNPs, the P. lividus phagocytes show a
broad metabolic plasticity based on the biosynthesis of metabolites mediating inflammation and
phagocytosis. At the higher concentration of PVP-AuNPs, phagocytes activate an immunological
response involving Toll-like receptor 4 (TLR4) signalling pathway at 24 hours of exposure. These
results emphasise that exposure to PVP—AuNP drives inflammatory signalling by the phagocytes and
the resolution at both the low and high concentrations of the PVP—AuNPs and provides more details

regarding the immunogenicity of these NPs.

Keywords
Sea urchin immune cells; Innate defence response; Nano-recognition; Immune metabolic rewiring;

Immunoreactivity
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1. INTRODUCTION

Gold nanoparticles (AuNPs) are catching the attention of the scientific community due to the
promising progress made in synthesis technologies, in surface functionalization as well as in
biomedical, cosmetic and pharmaceutical applications!. A wide variety of specific properties (e.g.,
small size and associated high surface to volume ratio, particle stability, low cost to produce,
electronic, magnetic and optical properties) makes AuNPs an ideal material for bioimaging, gene
diagnostics, cancer therapy, and drug delivery?. Accordingly, safety assessment becomes an
important issue for the beneficial usage of this new nanomaterial. However, increasing
nanobiotechnological applications result in the increased exposure of all living organisms and the
environment to NPs. This exposure, which is assumed to increase in the future, justifies the need to
identify, measure and manage the presumed risk. Chemical transformations of NPs in the
environment are poorly understood at present, largely due to the complexity arising from concurrent
transformations (e.g., oxidation, sulfidation, reduction reactions, surface adsorption of
macromolecular and ions) by the action of sunlight and microorganisms, as well as oxidants®. There
are a few analytical methods to determine the level of occurrence and the fate on AuNPs in water,
soil, air and biological matrices. In a realistic scenario, colloidal AuNPs may be trapped by the
sediment becoming unavailable for the majority of the organisms. However, filter feeders and other
species associated with the sediment may be the exceptions because they take up particles including
AuNPs that incorporate them into the food chain and undergoes biomagnification®. At present, there
are significant gaps in our knowledge of how gold particles impact human health because of their
chemical and physical properties but also because of complex interactions that may occur at various
biological levels including genes, transcripts, metabolites, proteins, enzymes, organelles, cells,
tissues, organs, organ systems, and whole organisms. Nano-structured materials display a privileged
interplay with the effector cells of the immune system, especially phagocytic cells, which, once
activated, recognize, interact, and eliminate foreign particles.

The wide use of AuNPs strengthens concerns regarding their safety and compatibility with
the innate immune system, which is the primary defensive barrier that functions continuously, both
in healthy and diseased organisms. Although many aspects of the modulation of immune responses
induced by AuNPs have been investigated, results remain controversial®. AuNPs interact with the
immune system and induce downstream immune and inflammatory signalling that may both support
and suppress inflammation®. For example, macrophages engulf 3 nm-AuNPs efficiently through the
process of pinocytosis, without eliciting a pro-inflammatory cytokine release (e.g., tumour necrosis
factor-o, interleukin 1)’. In contrast, a different immunological scenario that is marked by a pro-
inflammatory reaction (e.g., up- or down-regulation of IL-1, IL-6, TNF-a) is evident when cells

8-10

interact with AuNPs of different size and/or functionalized surface In assessing the
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immunogenicity of the AuNPs, it is important to give consideration not only to the particle size but
also to other biologically relevant properties (e.g., stability, dispersibility, reactivity) on which
depends their ability to recognize or to be recognized by cells. Because AuNPs tend to
aggregate/agglomerate in a biological medium'!, the surface functionalization of the AuNPs may be
considered necessary to enhance both their stabilization and dispersibility in that medium.

Although nude particles can be toxic, coated particles (e.g., PVP, humic acid, serum) can be
harmless because the acquired chemical functions of the coat modify the properties of the NPs, which
influence bioavailability and biocompatibility. Biocompatibility is mandatory when the NPs are used
for applications that they be inert as in some medical, industrial and environmental applications. On
the contrary, targeting the immune system with NPs can be used to stimulate or inhibit the medical

applications that can be anti-inflammatory, anti-cancer, anti-viral therapies!'?-!3

. This emphasizes the
basis for the great level of interest concerning the immunogenicity or immunocompatibility of
AuNPs.

The 3R principle of reducing, refining, and replacing animal experimentation has led to new
methodologies for in vivo and in vitro/ex vivo investigations, with increasing use of invertebrate
animal models, including the chance of “substituting” mammalian models with invertebrates'*. Based
on this aim, the Mediterranean sea urchin, Paracentrotus lividus, a marine invertebrate, has become
a swift and efficient popular model that is a proxy for humans for basic and translational nano-

15-16 and, more recently, in vitro/ex vivo'’"'%. The genome sequence of

immunological studies in vivo
a different sea species emphasised some strong similarities between sea urchin and human immunity,
and also identified clues of the basis of alternative adaptive and anticipatory immune functions that
are shared with humans®.

To profile the sea urchin immune cell behaviour resulting from exposure to PVP—AuNPs at
varying concentrations (1 and 10 ug mL"), here we focus on the: i) characterisation of PVP—AuNPs
in the sea urchin coelomic fluid (CF), in which immune cells secrete functional biomolecules; ii)
behaviour of PVP—AuNPs (stability, dissolution, aggregation and particle transformation) in the CF
with a special focus on the main constituents shaping sea urchin PVP—AuNP protein corona; iii) sea
urchin phagocytic cell topography and related PVP-AuNP surface distribution; iv) defensive
innate/inflammatory signalling leading the immune-PVP—-AuNP recognition and interaction in vitro.
We demonstrate that protein-particle interaction triggers an extended network of immune-related

signalling, drawing a transient immune activation both at the low and the high concentrations of the

particles.

2. MATERIALS AND METHODS

2.1 Polyvinylpyrrolidone-functionalized gold nanoparticle synthesis and characterisation.
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Chemical precursors. Tetrachloroauric (III) acid trihydrate (99.9% purity), sodium citrate
tribasic dihydrate (>99% purity), polyvinylpyrrolidone (PVP) (55 kDa) were purchased from Sigma-
Aldrich.

AuNP preparation. Citrate-stabilized AuNPs were synthesised according to the previously
developed seeded-growth methods?’. Briefly, sodium citrate (Nas;Ct; 2.2 mM) in milliQ (mQ) water
was boiled in a three necks flask under reflux, followed by the addition of chloroauric acid (HAuCly;
25 mM). The citrate-stabilised AuNPs solution-phase synthesis was completed within a few minutes
and produced ~10 nm NP seeds. Following seeding, the desired size of the NazCt-coated AuNPs was
obtained by sequential growth steps.

AuNP surface coating process by PVP and sample purification. PVP (0.2 mM) in mQ water
plus NasCt-coated AuNPs (100 pg mL') was stirred overnight. PVP-AuNPs were purified from the
excess of PVP by centrifugation (15 000 x g), the supernatant was aspirated, and particles were
resuspended in mQ water. Samples were washed twice in mQ water, and the final PVP-AuNP
concentration was 2 uM PVP coating on 100 ug mL"! AuNPs.

PVP-AuNP characterisation. Particle microstructural characterisation was carried out using a
scanning electron microscope (SEM; FEI Magellan 400 XHR; eXtreme High Resolution) operated at
20 kV. PVP-AuNPs were prepared by applying 4 pL onto a carbon-coated copper transmission
electron microscopy (TEM) grid and dried at room temperature (RT). PVP-AuNPs (922 particles)
from different regions of the grid were analysed.

UV-Vis Spectroscopy analyses. PVP-AuNPs (1 and 10 ug mL™) were analysed for their
behaviour in a high salt solution (Coelomocyte Culture Medium; CCM?!) and biological medium (sea
urchin cell-free CF in CCM; 1:1 diluted) 22. Specifically, 1 mL of each sample was placed in a plastic
cuvette, and the spectral analysis was performed in an Agilent Cary 60 spectrophotometer (300—900
nm range, at RT). The concentration of particles in mQ water was used as reference baseline value to
normalize that particle concentration of each sample.

Size and Zeta Potential Measurements. The hydrodynamic diameter of the PVP-AuNPs before
and after incubation in CCM was determined by dynamic light scattering (DLS), and laser doppler
velocimetry respectively, using a Malvern Zetasizer Nano ZS instrument equipped with a light source
wavelength of 638.2 nm and a fixed scattering angle of 173°. Diameters of the NPs were reported as
intensity distribution calculated by non-negative least squares (NNLS) analysis; and as Z-average and
polydispersity index (PDI) calculated by cumulant analysis. The software was arranged with the

parameters of the refractive index and absorption coefficient of gold, and solvent viscosity of water
at 25°C.

2.2 Animal collection and maintenance, immune cell cultures and exposures.
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Adult sea urchins (Paracentrotus lividus) were collected along the coasts of Sicily (Italy) that
are not human-impacted. Animals were acclimated for 1 week and kept under strictly controlled
conditions in tanks provided with flow-through oxygenated artificial seawater (Aqua Ocean Reef Plus
Marine Salt, Aquarium Line, Italy; salinity (38—39%o) and density (1.028-1.030 g/cm?)). Artificial
seawater ensures the absence of pollutants or organic matters putatively present in the natural
seawater, which could affect the sea urchin immune response. CF containing immune cells was
harvested from each donor in a medium containing ethylene glycol tetra-acetic acid (EGTA; 1 mM)
in CCM. Cells in the CF were withdrawn with a syringe preloaded with CCM and diluted 1:1. After
collection, half of the diluted CF was placed in culture and exposed to the NPs. The rest of the CF
was centrifuged, the cells were discarded, and the cell-free CF was exposed to NPs based on standard
procedures established for these experiments (see nanoparticles conditioning and protein corona
profiling section). Primary immune cell cultures were established following the procedures recently
described in Pinsino and Alijagic?*. Briefly, harvested immune cells from eight healthy donors were
exposed to increasing concentrations of PVP-AuNPs (0, 0.1, 1.0, and 10 pg mL™!), and maintained
in a custom-made cell culture incubator at 16£2°C, for 24 hours (h). Cells were collected by a soft
scraper, centrifuged at 9000 x g for 10 min at 4°C and stored at -80°C. Experimental conditions (e.g.,
particle concentrations, exposure time) were set taking into account: i) the behaviour of AuNPs in
salt water media®*4; ii) the detection limits of DLS for polydispersed colloids??; iii) the high ionic
strength of CCM?2,

2.3 Real-time viability assay.

Cell viability of immune cells obtained from five sea urchins was assessed in a real-time
measurement using the non-lytic and bioluminescent RealTime-Glo MT Cell Viability Assay
(Promega, USA) as previously reported??. Luminescence was calculated using GloMax Discover
high-performance Microplate Reader (Promega, USA). PVP-AuNPs were incubated alone with

reagents to identify any possible interference by the particles with the assay.

2.4 Microscopy.

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy. Immune
cells exposed to PVP-AuNPs (1 and 10 pg mL™ !, 24-h exposure) that adhered to glass coverslips
(Menzel Gliser, Germany) were fixed and prepared for SEM as reported previously!’. Cell
morphology was observed with a FEI Nova NanoSEM scanning electron microscope (FEI, Brno,
Czech Republic) and the EDS microanalysis was performed by Ametek® EDAX Octane Plus SDD
detector and TEAM™ EDS Analysis Systems (Ametek, Inc.). Predictive theoretical model spectra

were made using the NIST DTSA-II Kelvin software package?®-2’.
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Immunofluorescence microscopy. Immune cells were distributed in wells of a 25-well plate
(Thermo Fisher Scientific) and incubated with 10 pg mL™! AuNPs for 24 h. Cells were fixed with
ice-cold methanol for 20 min and washed three times in CCM. Non-specific binding sites were
blocked with blocking buffer (3% bovine serum albumin (BSA), 5% inactivated normal goat serum
(NGS), 0.02% Triton X-100 in TBST) for 2 h, at RT. After blocking, cells were incubated overnight
at 16+2°C with anti-TLR4 (H-80) (Santa Cruz Biotechnology, sc-10741) and anti-a-tubulin (SIGMA,
T5168) both diluted 1:50 in blocking buffer. Cells were washed three times in TBST and incubated
for 1 h at 16£2°C with the secondary antibodies; 1) goat anti-mouse-IgG (IRDye® 800CW, LI-COR)
and i1) goat anti-rabbit- F(ab’)2 fragment (Alexa Fluor® 594, Life Technologies) both diluted 1:200
in blocking buffer. Cells were incubated with Hoechst dye (Hoechst 33342; 3 uM) for 7 min to
visualize nuclear DNA. Photomicrographs of immune cells were acquired with the Leica fluorescence

microscope using the 40x objective.

2.5 SDS-PAGE and immunoblotting.

Cellular pellets were homogenised in a standard lysis buffer in preparation for SDS-PAGE
complemented with phosphatase and protease inhibitor cocktails?®. Protein content of samples were
quantified by the BioRad assay kit (Hercules, CA, USA) followed by precipitation overnight at —20°C
in equal volume of acetone. Proteins pellet were resuspended immediately in SDS buffer containing
B-mercaptoethanol, denaturized at 100°C for 5 min plus cooling for 5 min, separated on
polyacrylamide gels (4-20% Mini-PROTEAN TGX precast BioRad, USA), and transferred to
nitrocellulose membranes (Amersham, UK), according to the manufacturer’s instructions. Following
blocking, membranes were incubated with one of the following primary antibodies: anti-TLR4 (H-
80) (Santa Cruz Biotechnology, sc-10741; diluted 1:250 in blocking buffer; anti-HSP70 (SIGMA,
Cat N. H-5147, 1:1000); anti-phospho-p38 MAP Kinase (Tr180/Tyr182) (Cell Signaling, 9211,
1:250); Phospho-p42/44 MAP Kinase (ERK1/2) (Cell Signaling, 9101, 1:300); IL-6 (H-183) (Santa
Cruz Biotechnology, sc-7920, 1:100); anti-MnSOD (Enzo Life Sciences, ADI-SOD-111, 1:200);
anti-NF-xkB (H-286) (Santa Cruz Biotechnology, sc-715, 1:200); anti-B-actin (SIGMA, A5441,
1:500); anti-Pl-toposome (BEVIB12b8%°, 1:200); anti-Pl-nectin®’, 1:200); anti-P/-galectin-8°!,
1:800). Following washing, membranes were incubated with fluorescein-labelled secondary
antibodies (LI-COR Biosciences) and protein bands were visualised and captured by the Odyssey
Infrared Imaging System (LI-COR Biosciences).

2.6 Nanoparticles conditioning and protein corona profiling.

PVP-AuNP (1 and 10 ug mL™") were added to 1 ml of cell-free CF diluted in equal volume of
CCM (cell-free CF in CCM) in TreffLab 1.5 mL microcentrifuge tubes and incubated with agitation
(shaking platform; bioSan, Latvia) for 24 h at 16+2°C in the dark. After incubation, the PVP-AuNPs

7
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with newly-formed protein complexes were recovered by centrifugation at 21130 x g for 20 min at
4°C, followed by three energetic rinses in artificial seawater as already described!’. PVP-AuNP-
protein-complex pellets were resuspended in Laemmli buffer containing f-mercaptoethanol (Bio-
Rad, USA), boiled for 5 min, and the PVP-AuNPs were pelleted at 21130 x g for 20 min at 4°C.
Eluted proteins were separated on polyacrylamide gels (4-20% Mini-PROTEAN TGX precast Bio-
Rad, USA) that were stained with Coomassie Brilliant Blue R250 to identify the protein bands.
Protein binding to the PVP-AuNPs were performed four times with cell-free CF from different sea

urchins to ensure reproducibility. Gel scans were processed by the ImagelJ software (NIH, USA).

2.7 Metabolomic typing by untargeted liquid chromatography and mass spectrometry.

Liquid chromatography-mass spectroscopy (LC-MS analysis) was performed according to
previously established protocols'®. Cells exposed to PVP-AuNPs (1 ug mL™!, 24-h exposure) were
gently recovered from the culture plate, centrifuged at 4500 x g for 5 min at 4°C, and pellets were
resuspended in 0.5 mL ice-cold 70% acetonitrile (Sigma-Aldrich). The supernatant fraction
containing both polar and non-polar metabolites was retrieved in glass vials followed by solvent
evaporation and drying at 30°C. Samples were resuspended in 150 pL of ultrapure water and injected
in the UHPLC-MS system to be analysed by reversed-phase chromatography'®. Mass spectra were
recorded in a mass range of m/z 60 to 1050 m/z (centroid mode). A mass correction was performed
through a second nebuliser by a reference solution (m/z 112.9855 and 1033.9881) dissolved in the
mobile phase of 70% 2-propanol-acetonitrile-water. Analysis and isotopic natural abundance data
correction were performed by MassHunter ProFinder and Mass Profile Professional software
(Agilent).

2.8 Statistical Analysis.

Statistical analyses were performed by GraphPad Prism Software 6.01 (USA). Statistical
differences among selected groups were estimated by one-way or two-way ANOVA (followed by the
multiple comparison tests). A p-value of less than 0.05 was deemed statistically significant. Data were

reported as mean + standard deviation (SD) or mean + standard error (SE).

3. Results and discussion
3.1 Extracellular molecules in the cell-free CF affect stability and aggregation Kinetics in a high
salt medium.

Physicochemical properties of NPs determine their safety, stability, efficacy, as well as their
in vitro and in vivo behaviour. The leading mechanisms involved in NP transformation may depend

on the size and the concentration of the particles, the route of exposure to biological molecules, the
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NP physicochemical features (e.g., surface chemistry, size, shape, geometry) and the nature of the
environment in which the particles are found*?. Metallic NPs such as AuNPs tend to form colloidal
aggregates and the stability of these particles is based on a balance between the electrostatic repulsion
and the universal attractive van der Waals force described by the DLVO theory. Salt concentrations
of the fluids tend to reduce electrostatic repulsions between head-to-head NPs and favours homo-
aggregation, whereas the organic matters suspended in the fluids may aid in hetero-aggregation?>.
Aggregation influences the fate of the NPs in the environment, particularly in aqueous environments,
which depends on ionic strength and composition, organic matter composition and pH. These
chemical and biochemical attributes may affect the particle surface charge stability, and in turn,
particle bioavailability and dispersion. Results from environmental monitoring of AuNPs in situ are
not available, and therefore in silico modelling of the particle behaviour is currently the only means
for estimating exposure to organisms>*.

The appropriateness of NPs for a specific application in medicine, cosmetic and
pharmaceutical applications, depends on their average diameter, PDI and size, among other
parameters. Measurements of PVP- AuNPs showed a core diameter of 25.0 + 3 nm (Figure 1A, upper
panel). However, the physicochemical characterisation of PVP-AuNPs (10 ug mL!) in CCM had a
hydrodynamic diameter of 63 nm with a polydispersity index of 0.122 (Figure 1A lower panel). The
zeta potential value in water was -15.3 £ 0.6 mV (conductivity 0.006 mS/cm), whereas the zeta
potential value in CCM was near neutral. This was because electrostatic charges were efficiently
screened when the ionic concentration of the solution was very high®> as well as for the non-ionic
nature of the polymer®. The UV-vis spectrum of PVP-AuNPs (10 ug mL™") dispersed in both CCM
(Figure 1B, red and blue lines) and mQ water (Figure 1B, green line) presented a typical profile of
monodisperse particles with a maximum size dispersion of 524 nm. UV-vis values did not show
significant changes in dynamic absorption at 0 h. Notably, at 24 h of exposure in CCM, a weak
decrease (<10%) in absorbance was noted but there were no changes in the UV-vis profile and DLS
(Figure 1B, compare red and blue line). This change simply suggested a reduction in the PVP-AuNP
concentration in the solution. It may be that even if PVP-AuNPs remain well dispersed in high salt
solutions, the increment of the polarity of the solvent may decrease their dispersibility. This would
lead to a partial adsorption of the PVP-AuNPs to some types of plastics or to glass surfaces, which
may modify their dissolution kinetic and related dispersibility depending on the material employed.
However, a partial loss of PVP coating AuNP cannot be excluded®’. Overall, these data indicate good
monodispersity and stability of the particles also after suspension in CCM with high salt
concentration, including the chelating agent, EGTA that blocks cell aggregation®!, NaCl, MgCl, and
HEPES. Remarkably, the immune cells are collected from P. /ividus in CCM because this medium
maintains the sea urchin cell density and salinity very close that of the sea urchin CF, and it preserves

the morphological features of cells and blocks calcium-dependent cell clotting??.
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The UV-vis spectrum of the PVP-AuNPs after 24 h of exposure to cell-free CF plus CCM
resulted in significant differences in both the shape and absorbance of the NPs, indicating that PVP-
AuNPs interacted with sea urchin extracellular biomacromolecules and led to the formation of hetero-
aggregates of particles of both concentrations (Figure 1C and D, blue lines). The decreased
absorbance values were related to both increased aggregation and decreased measurable particle
concentration under static conditions, as confirmed by the presence of noticeable precipitates. After
shaking to disperse the precipitates, samples showed similar spectra but increased absorbance and
baselines to that of static conditions (Figure 1C and D, dashed blue lines). This is due to the light
scattering effects that are common for larger NP aggregates. Our findings indicate that samples
underwent fast flocculation mediated by organic matter that created larger hetero-aggregates
(biomolecule-particle complexes) which are easier to dissociate than homo-aggregates (particle-
particle aggregation). Notably, at 1 ug mL!, the AuNPs showed slower aggregation, as expected. The
UV-vis spectrum of the PVP-AuNPs (1 and 10 pg mL™!) dispersed in cell-free CF plus CCM at 0 h
showed similar results to those obtained from CCM alone when evaluated at the same particle
concentration (compare Figure 1C and Figure 1B, red lines), as expected.

Biomacromolecules are able to change NPs properties, including their stability and related
interactions among particles®. The balance between homo- and hetero- aggregation scenarios is
driven by the relative collision frequencies of NPs together and with organic components,
respectively®”. Polymer coatings, including PVP, are stable under unperturbed conditions but other
ligands can well replace them*. Critically, our findings support the notion that CF
biomacromolecules may replace the PVP onto the AuNP surface, but this replacement is not able to
confer a satisfactory particle steric stabilisation. PVP-organic macromolecule exchanges onto the
AuNP surface are probably related to the stronger protein chemical moieties interaction than that of
the cyclic amide groups of the PVP*! (see below). We found that the interaction between sea urchin
extracellular organic matter and PVP-coated AuNPs formed a dynamic biomolecule coating causing
a lost in particle steric stabilisation, which induced a colour change of the biological medium from
red to purple (Figure 1E), indicative of particle aggregation*?. AuNP aggregation correlated with the
extracellular protein adsorption onto the particle surface is a well-noted process in mammalian
immune cell culture®’.

Stabilising agents such as PVP play an important role in the corona formation as they minimise
the protein adsorption compared to that of an uncoated particle surface, in which an increase in the
conformational entropy and a decrease in the Gibbs free energy change, promote a strong
particle/protein interaction**. The capability to modulate the functional composition of the protein
corona is critical for the design of ideal and safe NPs because permit to modulate the bio-accessibility

and the nanotoxicity of the particles for guiding their design, synthesis, and effective applications in

10



355 nanomedicine. In agreement, control over the protein corona of NPs by using PVP allows them to
356  function better as drug delivery vehicles because decrease their cytotoxicity*
357
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359  Figure 1. Physicochemical characterisation of PVP-coated AuNPs dispersed in CCM and cell-free CF plus CCM.
360  (A) SEM image of PVP-AuNPs in CCM (upper panel); DLS size measurement of PVP-AuNPs (10 ug mL™") dispersed
361 in CCM at 0 and 24 h time period of exposure (lower panel, red and blue line). (B) UV-vis spectra of PVP-AuNPs (10 pg
362 mL") dispersed in mQ water, 0 and 24 h time period (green line) and in CCM at 0 h (red line), and in CCM at 24 h of
363  exposure (blue line). (C) PVP-AuNPs dispersed in cell-free CF plus CCM at 10 pg mL~! and 0 and 24 h of exposure (red
364 line, and blue line respectively). (D) PVP-AuNPs dispersed in cell-free CF plus CCM at 1 ug mL~! and 0 and 24 h of
365 exposure (red line, and blue line respectively). (E) Macroscopic changes of PVP--coated AuNPs (10 pg mL") dispersed
366  in mQ water, CCM, and cell-free CF plus CCM, from 0 to 24 h of exposure. The biological medium (cell-free CF plus
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CCM) changes colour from red to purple over the 1 day of monitoring. In C and D, dashed blue lines indicate spectra of
shaking sample at 24 h of exposure. Physicochemical characterisation of PVP-coated AuNPs dispersed in the mQ water
has been used as the reference point.

3.2 Sea urchin immune system interactions with PVP-AuNPs in vitro.

The immune cells (phagocytes, amoebocytes and vibratile cells) in the sea urchin, P. /ividus,
are morphologically distinct with different functions and act as the defence system for protection
against exogenous and endogenous menaces to the host*. The phagocytes can be found in both
filopodial and lamellipodial morphology, are highly adherent, and are the most abundant (up to 80%)
cell type present in the sea urchin CF. They are associated with phagocytosis and encapsulation of
foreign invaders, allograft rejection, cytolytic/cytotoxic and inflammatory responses, antimicrobial
peptide secretion, etc*’. To initiate our understanding the immune nanoscale interaction with PVP-
AuNPs, we focused on sea urchin immune cell topography and the distribution of PVP-AuNPs (1 and
10 ug mL!) on and within cells after 24 h of exposure in vitro. Observations by SEM coupled with
EDS showed that cells were spread and adherent to the culture plate (Figure 2A, 2D) as well as
organised in bundles and fibres at the lower concentration of PVP-AuNPs (Figure 2A, blue
arrowhead). The composition of the electron-dense gold particles was confirmed by EDS (see Figure
2S). Particle aggregates/agglomerates that were displayed on cell surfaces ranged in size from 0.195
to 1.6 um in diameter (Figure 2A-F, yellow boxes). This association suggested a tight adhesion
between the PVP-AuNPs and the cell surfaces (Figure 2B, 2E; Figure 2C, 2F back-scattered electron
images) that may have occurred by the interaction between cell surface receptors and sea urchin
extracellular protein ligands on the PVP-coated AuNP biocorona. Notably, back-scattered electron
approach permitted imaging that could discriminate both organic (dull shine) and inorganic (intense
brightness) materials inside of the cells (see Figure 2C, 2F), in agreement with Goldstein et al*®.
Particle aggregates/agglomerates were located at the outer and the inner surface of the plasma
membrane (Figure 2B and 2E, yellow boxes; and Figure 1S). The SEM images suggests that sea
urchin phagocytes are able to take up PVP-AuNP aggregates/agglomerates. The composition of the
electron-dense gold particles was confirmed by EDS (see Figure 2S). The number of PVP-AuNP
aggregates/agglomerates that immune cells may takes up and accumulate, may be related to particle
concentration (see aggregates in Figure 2B, 2E). To the contrary, aggregate/agglomerate size may to
be independent of the concentration used (see Figure 2C, 2F). The general healthy state of sea urchin
immune cells in culture and exposed to PVP-coated AuNPs was monitored over three days of the
experiment by the RealTime-Glo MT Cell Viability Assay for cells exposed at increasing
concentrations of the NPs (0.1, 1, 10, pg mL™!) (see Figure 3, three measurement points are shown).
The viability of the cells incubated with PVP-AuNPs (0.1, 1 ug mL™") over three days was not

different from the control cells that were cultured in the absence of NPs.
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0.5 pm
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404
405 Figure 2. Scanning electron microscopy shows the interaction between PVP-AuNPs and sea urchin immune cells
406  in vitro. (A-C) Phagocytes exposed to 1 ug mL~' PVP-AuNPs for 24 h. (D-F) Phagocytes exposed to 10 ug mL~' PVP-
407 AuNPs for 24 h. Back-scattered electron image (A, D) low-magnification (B-C, E-F) high-magnification. Yellow boxes
408  highlight aggregates/agglomerates at the outer and the inner surface of the plasma membrane.

409
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410

411 Figure 3. Real-time viability assay reveals the impact of increasing concentrations of PVP-AuNP on sea urchin
412  immune cells in culture. Cell viability during three days of continuous monitoring shows three measurement points (24,
413 48, 72 h) for three difference concentrations of PVP-AuNPs (0.1, 1, 10 pug mL!). Only the highest dose of PVP-AuNPs
414 (10 pg mL") results in a decrease in cell viability. Levels are expressed in arbitrary units as fold increase or decrease
415 compared to controls that were set to 1 (dotted line). Data are reported as the mean + SD; asterisks (*) indicate significant
416  differences among groups (**p < 0.01; ***p < 0.001).

417  On the contrary, the viability was significantly decreased for cells incubated with the highest NP
418  concentration (10 pg mL™!) compared to unexposed cells, which was in line with the reduced ability
419  of the cells to form dendritic protrusions as bundles and fibres across the surface of the plate. In

420  agreement with previous reports, AuNP exposure causes disruption in the cytoskeletal filament
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content of human dermal fibroblast*’. However, the level of viability in the cells exposed to PVP-
AuNPs (10 pg mL™") for 1 day was lower than that for three days, perhaps because these cells were
under recovery. We speculate that the sea urchin immune cells may have responded to a sub-toxic
exposure to PVP-AuNPs that activated a tolerogenic immunological response, possibly promoted by
excretion of the particle content. In vertebrates, a stimulus may induce a re-programming of the
immune system, resulting either in reduced reactivity (tolerance) or increased response (potentiation)
to a challenge™”.

To elucidate whether extracellular proteins mediate the interactions between sea urchin
phagocytes and PVP-AuNPs, particles (1 and 10 pg mL™! final concentration) were incubated with
cell-free CF collected from donor sea urchins and diluted in the CCM (1:1) for 24 h. Profiles of the
P. lividus extracellular proteins adsorbed onto and extracted from the PVP-AuNP surface showed that
PVP-AuNPs-protein complexes were composed of three major proteins of about 170, 100, and 40
kDa (Figure 4, black asterisks). The type of proteins adsorbed to the particles likely plays a key role
in cellular recognition, uptake, and removal mechanisms of AuNPs>!. Engineered metal nanoparticles
are able to acquire a biological identity in contact with the sea urchin CF based on both selective and
non-selective affinity!”. Here, PVP-AuNPs presented the strongest selective affinity for the protein
of about 40 kDa while, for example, TiO2NPs have the greatest affinity for the protein of about 1007,
confirming that each type of NPs acquires a selective biological identity which will define the
recognition of the NPs by the immune cells and their subsequent interactions. The effectiveness of
nanomaterials for biomedical purposes strongly depends on both the successful NP-uptake by cells

and their tolerogenic immunological response™2.
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Figure 4. PVP-AuNP acquire a biological identity in contact with the sea urchin CF based on three major proteins.
SDS-PAGE profiles the extracted protein corona acquired from cell-free CF plus CCM onto PVP-AuNPs (1 and 10 pg
mL™") after 24 h of incubation (left panel). Intensity analysis of the associated spectra profiles performed by the ImageJ
software (NIH, USA) (middle and right panels).

3.3 Sea urchin phagocytes undergo metabolic rewiring to control inflammatory responses upon
exposure to PVP-coated AuNP in vitro.

Mammalian phagocytes function to remove foreign invaders, and apoptotic inflammatory
cells, and to remodel the extracellular matrix. These innate immune cells also secrete cytokines,
chemokines, and growth factors leading their polarisation from a pro-inflammatory and the activation
of an immune response to anti-inflammatory and the resolution of a response®. The cellular
metabolism represents the key to this functional plasticity by providing energy and chemical
constituents (metabolites) that are necessary to coordinate immune cell proliferation, quiescence,
differentiation, and the production of secretory molecules for managing intracellular and extracellular
signals. To obtain integrated information on that state of phagocyte immune-metabolism and
associated tolerance, we employed LC-MS to characterise the metabolic profile of sea urchin immune
cells exposed to PVP-AuNPs (1 pg mL ™) for 24 h. We used the low concentration of NPs because
no harmful effects on the biological activities of the exposed cells were identified (see Figure 2 and
Figure 3). A hierarchical clustering heatmap was used to highlight the level of changes of 22
metabolites comparing un-exposed sea urchin immune cells (group 1) to immune cells exposed to
PVP-AuNPs (group 2). Results included analyses of amino acids (L-threo-3-methylaspartate,

glutamic acid, taurine, phenylalanine, glycine, glutamine), amino acid intermediates (O-acetylserine),
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nucleotides (inosinic acid also known as inosine monophosphate, nicotinamide adenine dinucleotide
[NAD], guanosine monophosphate [GMP], uridine monophosphate [UMP], cytidine), organic acids
(aconitic acid, D-threo-isocitric acid, citric acid, N-acetylneuraminic acid, arachidonic acid,
juniperonic acid), enzymes (dehydroascorbate, 2,5-didehydro-D-gluconate), and sulfate metabolites
(sulfate) (Figure 5). Metabolites from phagocytes responding to PVP- AuNPs were predominantly
involved in mediating inflammatory response and phagocytosis. Specifically, inosinic acid and NAD
and GMP were found significantly increased in exposed cells compared to the controls; while sialic
acid and sulfate metabolites were significantly decreased. Inosinic acid exerts a broad range of anti-
inflammatory effects (e.g., down regulation of TNF-a, IL-1, IL-6 and MIP-2) in animal models with
acute respiratory distress syndrome*. Induction of NAD synthesis regulates both macrophage
polarisation and phagocytosis, and refurbishes oxidative phosphorylation and cellular homeostasis™.
Phagocytosis efficiency is reduced when NAD salvage synthesis is inhibited>®. Consequently, the
significantly increased NAD levels observed in phagocytes responding to PVP-AuNPs (1 ug mL™")
may be a signature of increased phagocytosis, thus reinforcing our results showing that the phagocytes
from P. lividus take up PVP-AuNP aggregates/agglomerates very efficiently (Figure 2).
Concordantly, guanosine monophosphate in the cyclic dimeric form (cGDP) activates and controls
the innate immune response of mammalian dendritic cells, macrophages, and monocytes®’. Notably,
an increase in GMP as well as in UMP influence the immunological state of cells by increasing DNA
replication, gene transcription and corresponding protein synthesis>®. N-Acetylneuraminic acid (sialic
acid) is widely expressed on the surfaces of all cells in all animals of the deuterostome lineage>°. It is
the major component of glycoconjugates as glycolipids, glycoproteins and proteoglycans. Reduced
sialic acid expression induces maturation of mammalian dendritic cells that is correlated with
tolerance induction through cytokine production®®. Heparin sulfate liberated from the extracellular
matrices by enzymes released during inflammation can promote immune activation by TLR4
signalling®!. The trend of decreased amounts of sialic acid and sulfate metabolites in sea urchin cells
exposed to PVP-AuNP (1 ug mL™") suggest an ongoing metabolic shift in these cells to a resolution
of the inflammatory response. In general, these metabolic results highlight the broad metabolic

plasticity of phagocytes in P. /ividus and their related adaptations to nanoparticles.
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Figure 5. Sea urchin phagocytes show metabolic rewiring in response to PYP-AuNPs. Untargeted metabolic profiling
of exposed (1 ug mL™!, 24 h) and un-exposed phagocytes (control cells). Hierarchical clustering heatmaps display
significantly (p <0.05) different intracellular metabolites by LC-MS. Metabolic typing was performed on primary cultures
of phagocytes from five individual P. lividus donors.
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3.4 PVP-AuNP induce an increase in the levels of a few proteins involved in defensive
innate/inflammatory signalling at the highest concentration

The decision process for an immune system to respond to “non-self” in one of many possible
directions is determined by many elements acting synergistically through a hierarchically organised
set of molecular networks that are dependent on dynamic changes in cellular metabolism as implied
above (Figure 5). To profile the state of the sea urchin immune system, as implied from phagocyte
exposure to PVP-AuNPs in vitro, we focused on the putative intracellular signalling that regulates
the effector molecules that elicit specific immunological functions. Specifically, changes in the levels
of a few proteins involved in canonical defensive innate/inflammatory signalling were evaluated.
These included phagocyte levels of Toll-like receptor 4, 38 mitogen-activated protein kinase (p38
MAPK), p42/44 MAP Kinase (ERK), nuclear factor-kB (NF-kB), interleukin-6 (IL-6), heat shock
protein 70 (HSP70), Manganese superoxide dismutase (MnSOD), and P. lividus cellular adhesion
proteins (Pl-toposome, P/-nectin), and a lectin (PI-galectin-8), upon exposure to PVP-AuNPs (1 and
10 pg mL™") for 24 h in vitro. The biochemical analysis of sea urchin phagocytes exposed to PVP-
AuNPs (1 pg mL™!) was consistent with our previous observations (Figure 3) of the healthy state of

these cells; the protein levels in exposed cells were not different from the controls (see Figure 6A,
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6B). This was in agreement with our finding that changes in the metabolism of phagocytes from P.
lividus regulates the metabolic plasticity and adaptation to PVP-AuNPs. The soluble substances from
the phagocytes, including cytokines, metabolites, and adhesion proteins function to detect and
respond to environmental changes, and if necessary, lead to inflammatory reactions. A successful
immunological defensive immune response acts decisively to control and dominate an insult, but
uncontrolled or excessive inflammation is detrimental.

Our findings emphasised that when sea urchin phagocytes were exposed to PVP-AuNPs at the highest
concentration (10 pg mL™Y, they activated an immunological response involving TLR4/ERK
signalling pathway based on increased protein levels (see Figure 6A, 6B). This result was in
agreement with a previous report that AuNPs induce cell proliferation through the ERK signalling
pathway in human primary osteoblasts®?. In analogy, previous studies on sea urchin immune cells
exposed to TiO2NPs underlined the involvement of the TLR4/p38 MAPK signalling pathway in the
sea urchin phagocyte immune response in vivo'S. Specifically, cells exposed to PVP-AuNPs (10 pg
mL ") showed a 3-fold increase in TLR4 protein levels compared to the controls. Immunofluorescent
images displayed that TLR4 was located on exposed-cells surfaces organized in clusters (Figure 6C,
red spots). TLR4 is recruited to specific cell surface domains (lipid raft domains) to form nanoscale
clusters when activated by a ligand®®. In agreement, our result further supports the key role for TLR4
in PVP-AuNP-induced sea urchin inflammatory response. Furthermore, exposed cells showed a weak
increase in the ERK phosphorylation level (1.5 fold), as well as a modest increase in the NF-xB and
in the IL-6 intracellular level (2-fold increase each; Figure 6B). On the contrary, p38 MAPK
phosphorylation (P-p38 MAPK) was not affected. NF-kB, the most sensitive transcription factor
associated with responses related to inflammation, is known to be the final protein that functions in
the TLR4/NF-kB signalling pathway. It controls the expression of an array of inflammatory
cytokines® of which the IL-6 is a pleiotropic cytokine classified as pro-inflammatory, as well as the
expression of adhesion proteins and antioxidant enzymes®-%. Phagocyte exposure to PVP-AuNPs
(10 pg mL™!) stimulated an increase of the mitochondrial antioxidant enzyme MnSOD (1.8-fold
increase), whereas the NPs did not inhibit or enhance the level of HSP70 (Figure 6B). This finding
highlighted that exposed cells amplified their antioxidant activity perhaps for protection from the
harmful effects of ROS overproduction®’, but the cells did not activate an HSP70-dependent stress
response, likely because particles did not induce unfolding and aggregation of cell proteins. Finally,
immune cell adhesion proteins function in regulating several aspects of an immune response,
including immune cell trafficking and activation of effector cells®®. Two of the key cell adhesion
proteins involved in sea urchins (P/-nectin and P/-galectin-8) were found significantly increased (3.5
and 2-fold increase respectively) in response to PVP-AuNPs. In mammals, galectin-8 activates

69-70

dendritic cells and promotes cell cytoskeletal organisation, attachment, and spreading®”-"®, while

nectin is bound by immune receptors to mediate immune recognition’!.
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Figure 6. PVP-AuNP activate an immunological response involving TLR4/ERK signalling pathway at the highest
concentration. (A) Representative immunoblotting shows results for the selected set of proteins in cells exposed to PVP-
AuNPs (1 and 10 pg mL™") for 24 h. (B) Histograms representing the means +SE of five replicates after normalisation
with actin. Protein levels are expressed in arbitrary units as fold increase or decrease compared to controls that are set to
1. (C) Fluorescent imaging of phagocytes exposed to PVP-AuNPs (10 pg mL™") and control cells after 24 h. Cells are
evaluated with TLR4 and tubulin antibodies. Immune cell nuclei are labelled with Hoechst 33342 (blue colour). Scale bar
is 10 pm.

Overall, results show an astounding level of immunological plasticity, particularly at the
higher concentration of particles (Figure 6), in which an efficient ongoing inflammatory state may
progress a recovery-phase after three days of exposure (Figure 3). A summary view of the innate
immune signalling in the interaction between sea urchin phagocytes and PVP—AuNPs is schematized
in Figure 7, which underlines the putative role of each proteins found modulated at 10 ug mL™! and
24 h of exposure. We speculate that the TLR4s activated by the PVP-AuNP-protein complexes, are
recruited to specific cell surface domains promoting phagocytosis and related immune signalling
cascade. Critically, we note that the complete categorized list of immune related genes in the sea
urchin genome sequence include gene sequences that encode all of the proteins analysed here,
excepting for IL-6. Failure to identify the IL-6 in the genome was because it was categorized with a

set of genes for which no evident homology with human genes or with encoded proteins of similar
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domain structure identified based on the search criteria detailed in the material and methods from
Hibino et al'®. Two explanations for this outcome may be i) there is a real absence of homologous
genes encoding cytokines and chemokines in the echinoid lineage, or more likely ii) that the
difficulties of detecting those genes is because they are small and evolve rapidly. Immunoblotting
with IL-6 antibody shows a single immuno-reactive band of expected molecular weight only in
stimulated cells, indicating that the antibody against human IL-6 is likely to cross-react with sea

urchin IL-6. However, other plausible explanations cannot yet be excluded.
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Figure 7. Schematic representation of the sea urchin immune signalling putatively involved in the
response to PVP-AuNPs at the higher concentration of particles. Upon interaction with the CF, sea urchin
extracellular proteins form a complex protein corona on PVP-AuNP surfaces. The TLR4s are recruited to
specific cell surface domains to form dense nanoscale clusters because activated by a PVP-AuNP-protein
complex (see TLR4 clustering), and promote phagocytosis and related immune signalling cascade. TLR4s
initiate downstream signalling pathway by phosphorylation/activation of the p42/44 MAP Kinase (ERK) that
leads to the NF-xB activation. The TLR4/NF-«B signalling activation induces the production of the antioxidant
enzyme MnSOD, the cytokine IL-6, and the adhesion proteins P/-nectin and P/-galectin-8. The cell i) amplifies
their antioxidant activity for protection from the harmful effects of ROS overproduction induced by the
particle, ii) releases the P/-galectin-8 for promote cell cytoskeletal re-organisation, attachment, and spreading,
and iii) releases the P/-nectin to take part in corona modelling mediating particle immune recognition. Created
with BioRender.com.
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4. CONCLUSIONS

Since the recognition by Metchnikoff of the biological role of echinoderm phagocytic cells in
immunity’? phagocytosis has been understood to function in all animals and is considered a key
cellular mechanism in the resolution of inflammation and in activating signals that suppress the
release of proinflammatory cytokines’®. By studying the interactions between sea urchin phagocytes
and PVP—AuNP in vitro we learned about the conserved mechanism of immune defence elicited by
the gold particles at the nanoscale level of immune-machinery. The relationship between PVP-AuNP
and the sea urchin phagocytes is established by the binding of a few extracellular proteins existing in
the CF to the particle surface. Protein-particle interactions trigger an extended network of immune-
related signalling in the phagocytes resulting in a transient immune activation both at the lower and
higher concentration of the particles.

Functionalised particle surface with the PVP capping agent shows considerable particle
stability in pure water and in CCM, confirming a strong steric stabilisation nature of this particle. The
unexpected finding was that PVP does not favour hetero-aggregation in sea urchin CF in CCM, which
differ from the CCM only in the presence of the biomacromolecules only. Sea urchin extracellular
proteins promote a strong particle surface binding affinity but at the same time stimulate
aggregation/agglomeration after 24 h of exposure. However, while customised AuNPs do not show
expected stability during the exposure phase, our findings highlight the capability of particles to be
transiently immunogenic at both these concentrations. Thus, PVP-AuNPs may be considered
immunologically safe in organisms because they do not impair the physiological health of sea urchins,
preserving the defensive responses, and do not cause a pathologically chronic inflammatory response
with associated irreversible damage. Our results suggest that nano-immune studies in non-
mammalian models that are proxy for humans, should be implemented and designed going over of

apparent problems to successfully translate results to human immunity’,
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