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Abstract

Carbon dots (CDs) are nanoparticles (NPs) with potential applications in the biomedical field. When in
contact with biological fluids, most NPs are covered by a protein corona. As well, upon cell entry, most
NP are sequestered in the lysosome. However, the interplay between the lysosome, the protein corona
and the biological effects of NPs is still poorly understood. In this context, we investigated the role of
the lysosome in the toxicological responses evoked by four cationic CDs exhibiting protonatable or
non-protonatable amine groups at their surface, and the associated changes in the CD protein corona.
The four CDs accumulated in the lysosome and led to lysosomal swelling, loss of lysosomal integrity,
cathepsin B activation, NLRP3 inflammasome activation, and cell death by pyroptosis in a human
macrophage model, but with a stronger effect for CDs with titratable amino groups. The protein corona
formed around CDs in contact with serum partially dissociates under lysosomal conditions with
subsequent protein rearrangement, as assessed by quantitative proteomic analysis. The residual
protein corona still contained binding proteins, catalytic proteins, and proteins involved in the
proteasome, glycolysis, or PI3k-Akt KEGG pathways, but with again a more pronounced effect for CDs
with titratable amino groups. These results demonstrate an interplay between lysosome, protein

corona and biological effects of cationic NPs in link with the titratability of NP surface charges.
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1. Introduction

Over the past decade, carbon-based nanoparticles (NPs) called carbon dots (CDs) have
emerged as interesting nanomaterials for widespread applications (Himaja et al., 2015; Truskewycz et
al., 2022). CDs are quasi-spherical NPs with exciting properties, including very small size (less than 10
nm), chemical stability, high water solubility, tunable intrinsic fluorescence, and resistance to
photobleaching (Xu et al., 2004). They can be easily synthesized, most often by carbonization process
of cost-effective organic materials (citric acid, glucose...) in the presence of catalysts and/or passivation
reagents. The resulting CDs can be easily chemically functionalized to provide nano-objects with a wide
variety of chemical groups at their surface (Huang et al., 2019; Sciortino et al., 2018). In addition to
their applications in innovative industrial technologies, such as optoelectronics, photovoltaics or
energy storage, CDs are currently being developed in nanomedicine as efficient and versatile
nanoplatforms for drug or gene delivery, biomedical imaging and theranostic applications (Claudel et
al., 2019; Ghosal and Ghosh, 2019; Pierrat et al., 2015). The safe exploitation of CDs in nanomedicine
however requires a deeper understanding of CD interactions with biological systems.

Lysosomes are acidic organelles that play a key role in many biochemical processes including
the degradation of extracellular elements and recycling of intracellular metabolic waste (Settembre et
al., 2013). Maintaining the integrity and function of lysosomes is thus essential to preserve cellular
homeostasis. Various forms of stress can induce damage to the lysosome, including changes in activity
of lysosomal enzymes, pH of lysosomes or properties of the lysosomal membrane (Wang et al., 2018).
The latter is particularly critical because lysosomal membrane permeabilization induces the release of
the organelle content into the cytosol, including protons and proteases such as cathepsin B, leading to
mitochondrial dysfunction, activation of the NLRP3 (NOD-like receptor, pyrin domain-containing
protein 3) inflammasome and cell death (Kirkegaard and Jaattela, 2009). The implication of the

lysosome in the cell death process is complex and involves different pathways such as apoptosis,



necrosis, ferroptosis, necroptosis or pyroptosis (Repnik et al., 2014; Wang et al., 2018). Thus, the
lysosome is a particularly sensitive subcellular target that can compromise cell survival.

When therapeutic NPs reach their target cells, they are predominantly internalized by the
endocytosis pathway, which involves NP entrapment into an endocytic vesicle, trafficking into the
endosomal compartment, and finally accumulation in the lysosome (Canton and Battaglia, 2012; Sahay
et al., 2010). If the lysosome is a potential degradation site of NPs, the accumulation of NPs in the
lysosomes can trigger dysfunction of the organelle leading to cellular damages and cell death (Stern et
al., 2012). Thus, although carbon is not considered as a toxic element, carbon-based nanomaterials
have been reported to induce NLRP3 inflammasome activation and cell death due to the disruption of
lysosomal homeostasis (Keshavan et al., 2021; Tahara et al., 2012). Concerning CDs, we and others
showed that CDs accumulate in lysosomes (Ronzani et al., 2019) and induce lysosome-dependent cell
death such as pyroptosis (Arezki et al., 2022b) or necroptosis (Wu et al., 2020). However, the NP
lysosomal toxicity is not systematic and could be closely related to the NP characteristics, such as shape
(Wang et al., 2018) or surface charge (Weiss et al., 2021), with cationic NPs generally exhibiting greater
toxicity than anionic ones (Huhn et al., 2013). Among the mechanisms at the origin of the lysosomal
effects induced by cationic NPs, it is suggested that the principle of the “proton sponge” effect may
apply. The proton sponge hypothesis was introduced in the 1990s to explain the endo-lysosomal
escape properties of cationic macromolecules, e.g., poly(ethyleneimine) (PEl) or chitosan. In the acidic
endo-lysosomal compartment, these amine-containing polymers are getting protonated, which
induces influx of counter ions inside the compartment, thus provoking the rupture of endosomal
membranes due to osmotic swelling (Behr, 1997). Therefore, the incorporation of PEl or polyacids into
nanomaterials has been proposed as a tool for improving intracellular delivery of therapeutics by NPs
(Faizullin et al., 2022; Li et al., 2021). However, to date, the scientific community has not reached a
consensus on the validity of this hypothesis due to contradictory results obtained in various studies
(Vermeulen et al., 2018), so that controlling drug delivery after the trafficking of therapeutic NPs inside

the endo-lysosomal system still remains a challenge.



On contact with biological fluids, NPs rapidly interact with proteins leading to the formation of
the so-called protein corona, which gives NPs a new biological identity and leads to a redefinition of
their biological properties (Lynch et al., 2009). Some recent studies have examined the impact of the
protein corona on the biological effects of CDs, in the field of food toxicology (Liu et al., 2020; Song et
al., 2020) and nanomedicine (Peng et al., 2022). We investigated the relationship between the protein
corona, the biological effects and the surface charge of cationic CDs, and found that CDs with high
density of cationic charges at their surface are the most highly internalized and toxic to macrophages,
in link with the composition of their protein corona (Arezki et al.,, 2022a). Although these data
undoubtedly contribute to a better understanding of the biological effects of CDs, it must be
emphasized that most of the targets of NPs developed for biomedical applications, including CDs, are
at the subcellular level. But, to date, few studies have focused on the fate and role of the protein
corona once the corona-coated NPs become resident in the cells. Yet, it has been suggested that the
extracellular protein corona is not stable after NP entering into the cells (Bertoli et al., 2016; Wang et
al., 2013b). Indeed, it has been shown that the protein corona is retained on the surface of the NPs
upon NP uptake by cells, transported to the lysosomes with the NPs and then degraded in this
organelle (Bertoli et al., 2016; Wang et al., 2013b). After passing through the lysosomal compartment,
the composition of the protein corona changes qualitatively and quantitatively, and the surface
chemistry of the NPs could affect this evolution (Bertoli et al., 2016). Besides, while the protein corona
on the surface of the NPs could initially protect the cell from NP-induced damage, a delayed toxicity
was observed along with the degradation of the protein corona in lysosomes and the re-exposure of
the cells to the toxic surface of the NPs, for cationic polystyrene (Tan et al., 2020; Wang et al., 2013b)
or gold (Ma et al., 2015) NPs. In addition, it has recently been observed that, after dissociation of some
of the proteins from the initial corona inside the lysosomes, some intracellular proteins can also adsorb
to the surface of the NPs (Cai et al., 2022; Wang et al., 2021). This intracellular transformation of the
protein corona could impact the NP-induced biological responses, by modifying cellular signaling

pathways and metabolic processes, leading to changes in cellular homeostasis (Cai et al., 2022). Thus,



the evolution of the NP protein corona after NP entry into the cells seems to be a key process in the
cellular responses to NPs. Understanding this complexity of the nano-bio interface is crucial to better
maximizing the biological benefits while minimizing the toxicological risks of therapeutic NPs.
However, to the best of our knowledge, the evolution of the CD protein corona after CD cell uptake
and trafficking to lysosomes, and how this affects the cytotoxicity of CDs, has not been investigated in
the literature yet.

In this context, herein we investigated the interplay between the lysosome, the protein corona
and the biological effects of CDs. We focused on polyamine surface-passivated cationic CDs, which are
one type of CDs currently developed for gene delivery and theranostic applications (Du et al., 2019).
In the present work, 4 CDs were produced from citric acid in the presence of high or low molecular
weight branched PElI (MW =25kDa, bPEI25k; MW =600 Da, bPEI600, respectively). Post-
functionalization of theses NPs yielded CDs with protonatable (titratable) or non-protonatable (non-
titratable) amine groups at their periphery, over a pH range from lysosomal (4.5) to physiological (7.4)
pH, in order to identify specific pH effects in the acidic lysosome. Indeed, if our previous data have
shown an effect of the {-potential and the surface charge density in the CD toxicity (Arezki et al., 2021;
Weiss et al., 2021), to what extent a modification of the NP surface charge, induced by lysosomal pH
variations, can also influence the NP toxicity had, to our knowledge, never been explored. Thus, the
present work aimed to use pH-driven protonatation of amino groups on the surface of CDs as a tool to
better understand the role of the lysosome, and in particular the “proton sponge” effect, in the
toxicological effects of CDs. As macrophages are one of the main target cells of NPs in the body
(Nakayama, 2018), this work was performed on phorbol 12-myristate 13-acetate (PMA)-differentiated
THP-1 cells, that represent a suitable model for studying macrophage functions in vitro (Chanput et al.,
2014). Besides, in order to investigate the impact of the lysosomal environment on the fate of the NP
protein corona, the protein corona formed around these titratable or non-titratable CDs when in
contact with serum was characterized, as well as changes in this corona when placed in an artificial

lysosomal fluid (ALF). Proteins were quantified by label-free MS-based quantitative proteomics, and



physicochemical properties and biological functions of the identified proteins were analyzed with

regards to the titratability of CD surface charge.

2. Material and methods

2.1. Synthesis of CDs

The CDs were prepared according to the following procedures.

CD-PEI25k-T. Citric acid (2.0 g), bPEI25k (8.0 g) and ultrapure water (70 mL) were mixed in a
beaker, and pH was adjusted down to 7.0 with 12 N HCI. The colorless resulting solution was heated
at 230-250°C under continuous stirring until a brown viscous caramel was formed. The reaction
mixture was cooled to rt, diluted with ultrapure water (35 mL), and loaded into a dialysis bag (MWCO
14 kDa) for equilibration against 0.1 N HCIl for 96 h, and ultra-pure water for 24 h. The dialysate was
filtered through a 0.22 um PES membrane and freeze-dried to yield of CD-PEI25k-T (2.6 g) as a brown
hygroscopic fluffy powder.

CD-PEI600-T. Citric acid (2.0 g), bPEI600 (8.0 g) and ultrapure water (50 mL) were mixed in a
beaker, and heated at 160-170°C under continuous stirring. Small portions of water (5 mL) were
periodically added to the mixture to prevent vulcanization of the material and immobilization of the
magnetic stirring bar. The sticky orange residue was dissolved in HCI 0.1 N, and loaded into a dialysis
bag (MWCO 1000 Da) for equilibration against 0.1 N HCI for 24 h, and ultra-pure water for another 24-
h period. The dialysate was filtered through a 0.22 um PES membrane and freeze-dried to yield CD-
PEI600-T (1.6 g) as an orange hygroscopic powder.

CD-PEI25k-NT. CD-PEI25k-T (0.50 g) was dissolved in ultrapure water (25 mL), and dimethyl
sulfate (5.0 mL) was added under vigorous stirring at room temperature. The biphasic solution was
maintained at pH 9-10 by periodic addition of powdered K,COs. After 48 h, the mixture turned
homogeneous. Ammonia solution (35 %, 4.0 mL) was added and the resulting mixture was stirred for

1 h more. It was then brought down to pH 2 with 12 N HCI, and dialyzed (MWCO: 1000 Da) against 0.2



N NH4CI for 2 h, and ultrapure water for 8 h. To push anion exchange to completion (i.e., sulfate vs.
chloride), trimethylamine hydrochloride (0.60 g) was added into the dialysis bag and dialysis was
continued for an additional period of 24 h. The dialysate was then filtered through a 0.22 um PES
membrane and freeze-dried to yield CD-PEI25k-NT (0.54 g) as an orange hygroscopic powder.
CD-PEI600-NT. CD-PEI6OO-NT (0.29 g) was obtained starting from CD-PEI600-T (0.50 g),

following the same protocol as for CD-PEI25k-NT.

2.2. Characterization of CDs

All measurements were carried out on fresh CD suspensions (1.0 mg/mL in 1.5 mM NaCl
pH 7.4). The hydrodynamic diameter (D) and zeta -potential ({) of CDs were determined by dynamic
light scattering (DLS) using a Zetasizer Nano ZS apparatus (Malvern Instruments, France).
Measurements were carried out in triplicate at 25 °C and data were expressed as mean (+ SD). The
surface charge density of CDs was determined by polyelectrolyte titration, monitoring T variation of
CD suspension, along spiking with a solution of poly(acrylic acid) (PAA, MW % 1,800 Da, NaCl 1.5 mM
pH 7.4), as previously described (Weiss et al., 2021). The results were expressed in umol/mg. The
surface charge titratability was determined as the sensitivity of the ionization state of the CDs to the
pH of the milieu. It was calculated from titration curves. For that, CD solutions (1.0 mg/mL) at pH 2.4
were added with successive aliquots (10 pL) of 0.1 N NaOH until pH reached the value of 12.0 or more.
Titratability of the CDs was specifically considered in the pH range between 4.5 and 7.4 that covers pH
values met in the extracellular medium and the various intracellular compartments. It was expressed
in umol/mg and corresponds to the amount of amine groups at the surface of the CDs that are
titratable, i.e., that can be protonated or deprotonated, in the pH range considered. Optical properties
of CDs were determined by recording UV-visible and fluorescence spectra on CD preparations, using a
multimode reader (Varioskan Lux, Thermo Fisher Scientific, France). Fluorescence quantum vyields (F)

were determined using quinine sulfate as standard, according to a previous report (Pierrat et al., 2015).



2.3. Cell culture

THP-1 cells (TIB-202™, ATCC) were grown at 37 °Cin a5 % CO, humidified chamber using RPMI-
1640 culture medium containing L-glutamine (2 mM), 2-mercaptoethanol (0.05 mM), penicillin
(100 Ul/mL), streptomycin (100 pg/ml), and heat inactivated FBS (10 %) (all reagents from GIBCO,
France). For experiments, cells were seeded in appropriate culture devices (as described above) and
differentiated into macrophages overnight by adding 10 ng/mL of PMA (Sigma-Aldrich, MO, USA) to
the culture medium. The expression of surface markers such as CD11b (CR3), CD14 and CD36 was
checked by FACS (data not shown), attesting to transition of the cells from a monocyte to a

macrophage phenotype (Chanput et al., 2014).

2.4. Assessment of CD trafficking to lysosomes

Confocal laser scanning microscopy (CLSM) was used to assess CD trafficking to lysosomes
thanks to the intrinsic fluorescence properties of the NPs. Cells were seeded into 8-well |biTreat p-
slides (1.5 polymer coverslip, IBIDI®, Ibidi GmbH, Germany) at a density of 1.10° cells per well,
differentiated into macrophages, and incubated with CDs at a concentration of 12.5 pg/mL for 4 h. At
the end of the incubation time, the cells were washed with PBS and exposed to the fluorescent probe
LysoTracker® Red DND-99 (50 nM, 30 min, Molecular Probes) in order to label the lysosomes. After
washing the cells, the colocalization of CDs with the lysosomes was observed using a Leica SP2
microscope equipped with a 63X oil immersion objective (NA = 1.2). The CDs and the lysosome probe
were excited with 405 and 561 nm laser sources, respectively. Quantitative analysis of fluorescence
signals associated with CDs and lysosomes was determined as previously described (Ronzani et al.,
2019). Briefly, the positions of lysosomes and CDs were obtained for individual image, and the position
list obtained for a specific channel was then used to determine the presence or the absence of the
other color. By applying this method, a colocation trace (color 1 vs. color 2) could be generated from

which the degree of colocalization was obtained by determining a Pearson correlation coefficient (r).



2.5. Lysosomal integrity

Lysosomal integrity was assessed by the neutral red assay. Cells were seeded into 96-well
plates at a density of 1.10° cells per well, differentiated into macrophages and incubated for 24 h with
increasing concentrations of CDs (3—100 pg/mL). The cells were then washed with PBS and incubated
with 200 pL of neutral red solution (100 pg/mL in culture medium) for 3 h at 37 °C. At the end of the
incubation period, the cell supernatant was removed and the cells were washed with PBS before
addition of an extraction solution (200 uL of 1:1 water-ethanol solution containing 1 % acetic acid) for
20 min. Absorbance of the resulting samples was measure at 540 nm. Results were expressed as the

percentage of the absorbance of CD-treated cells relative to that of the control unexposed cells.

2.6. Lysosomal swelling

Lysosomal swelling was assessed by fluorescence activated cell sorting (FACS) using the
lysosomal marker LysoTracker® Red DND-99. Cells were seeded into 24-well plates at a density of 5.10°
cells per well, differentiated into macrophages and incubated with 25 pug/mL of CDs for 24 h. After CD
exposure, the cells were washed with PBS and incubated with 50 nM LysoTracker in serum-free culture
medium for 30 min at 37 °C. At the end of the incubation, the cells were rinsed with PBS, harvested by
trypsin treatment, centrifuged and resuspended in serum-free culture medium. Cell suspensions were
then analyzed with a LSRFortessa X-20™ flow cytometer (BD Biosciences, France) and sample
fluorescence (20,000 events) was analyzed with excitation at 561 nm and signal detection at 586 nm
(yellow-green laser, PE channel). Lysosomal swelling was quantified by determining changes in the
mean fluorescence intensity (MFI) of CD-treated cells relative to that of untreated cells, as previously
described in the literature (Wang et al., 2013a; Wang et al., 2013b). Results were expressed as the

ratio of the MFI of CD-treated cells to that of untreated cells.

2.7. Cathepsin B activity
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The activity of cathepsin B was quantified by fluorimetry using the Magic Red® assay
(CliniSciences, France). Cells were seeded into 96-well plates at a density of 1.10° cells per well,
differentiated into macrophages and incubated with 25 or 100 pug/mL of CDs for 4 h. After CD exposure,
the cells were washed with PBS and incubated with the cathepsin B substrate for 1 h at 37 °C. At the
end of the incubation, the cells were washed with PBS, and the sample fluorescence was measured at
590 nm, with excitation at 540 nm. Results were expressed as the ratio of fluorescence intensity

measured in cells exposed to CDs to that measured in untreated cells.

2.8. IL-1f secretion assay

For IL-1B secretion assay, cells were seeded into 96-well plates at a density of 1.10° cells per
well, differentiated into macrophages and incubated or not with a cathepsin B inhibitor (CA-074Me,
10 uM, Enzo life) for 1 h 30, prior to CD exposure (25 or 100 pg/mL) for 24 h. IL-1B8 was quantified in
the supernatant by ELISA (R&D Systems, France), according to the manufacturer’s instructions.

Absorbance was read at 450 nm with a correction at 570 nm. Cytokine concentrations were expressed

in pg/mL.

2.9. Cell viability

Cell viability was assessed by the MTT assay. Cells were seeded into 96-well plates at a density
of 1.10° cells per well, differentiated into macrophages and incubated for 24 h with increasing
concentrations of CDs (3-100 pg/mL). The cells were then washed with PBS and incubated with 100 uL
of MTT (1.0 mg/mL, in culture medium) for 1 h at 37 °C. At the end of the incubation, the culture
medium was removed, and the cells were lysed with DMSO. Absorbance of the resulting samples was
read at 570 nm with a correction at 690 nm. Cell viability was expressed as the percentage of the
absorbance of CD-treated cells relative to that of the control untreated cells. To take into account
potential interferences between NPs and colorimetric assays such as the MTT test, we carefully

washed the cells before adding the MTT solution to remove NPs from the culture. In addition, we
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characterized the spectral properties of each CD and verified that the NPs absorbed little or none at

the reading wavelength of the MTT assay, i.e., 570 nm (Supplementary Figure S1).

2.10. LDH release

Cells were seeded into 96-well plates at a density of 1.10° cells per well, differentiated into
macrophages and incubated for 24 h with increasing concentrations of CDs (3-100 pug/mL). After CD
exposure, the release of LDH in the culture supernatant was assessed using the Cytotoxicity Detection
Kit Plus (Roche Applied Science). LDH activity was measured according to the manufacturer’s
instructions and expressed as the fold change in absorbance measured in the supernatants of CD-
exposed cells relative to that measured in the supernatants of control unexposed cells. We checked
that CDs absorbed little or not at the reading wavelength of the LDH assay, i.e., 492 nm (Supplementary

Figure S1).

2.11. Pyroptosis cell death mechanism

Pyroptosis was determined by flow cytometry by analyzing the fluorescence signals associated
with both the necrosis (propidium iodide, BD Biosciences) and the caspase-1 activity (FAM-FLICA assay,
Biorbyt) markers. Cells were seeded into 24-well plates at a density of 5.10° cells per well,
differentiated into macrophages and incubated with 25 or 100 pug/mL of CDs for 4 h. After CD exposure,
the cells were washed with PBS, harvested by trypsin treatment, centrifuged and resuspended in
serum-free culture medium (290 pL) containing 10 pL of FAM-FLICA® reagent (1/5 dilution). After a 1-
h incubation, each sample was washed with the assay kit buffer, before addition of propidium iodide
(1/100 dilution) and fluorescence analysis (20,000 events per sample) with a LSRFortessa X 20™ flow
cytometer (BD Biosciences, France), using the FITC (Aex: 488 Nm, Aem: 530 nm, FAM-FLICA®) and PE
Texas Red (Aex: 561 NM, Aem: 610 nm, propidium iodide) channels. Pyroptosis was expressed as the

percentage of double-positive cells.
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2.12. Preparation of corona samples

Initial corona. The initial corona samples were prepared according to a protocol described
elsewhere (Arezki et al., 2022a). Briefly, CD water suspensions (2.0 mg/mL, 250 uL) were sonicated in
a sonication bath (40 Hz, for 3 min) and mixed with undiluted FBS (40 mg/mL of protein, 250 L, GIBCO,
France) in Eppendorf® Protein Lobind tubes. The tubes were incubated for 1 h at 37 °C under rocking
agitation (70 oscillations per min). The samples were then centrifuged at 14,000 g and 20 °C for 45 min.
Supernatants were discarded and the pellets containing the CD-protein complexes were resuspended
in ultra-pure water and centrifuged again (14,000 g for 45 min at 20 °C) to remove unbound proteins.
The process was repeated twice. The final pellets were resuspended in 100 pyL of ultrapure water
(initial corona samples) or in 1 mL of ALF (post ALF corona sample preparation, see below).

Post ALF corona. The ALF solution was prepared according to protocols previously described
(Beeston et al., 2010; Milosevic et al., 2019). Briefly, sodium chloride (3.210 g), sodium hydroxide
(6.000 g), citric acid (20.800 g), calcium chloride (0.097 g), sodium dihydrogen phosphate (0.071 g),
sodium sulfate (0.039 g), magnesium chloride hexahydrate (0.106 g), glycerin (0.059 g), sodium citrate
dihydrate (0.077 g), sodium tartrate dihydrate (0.090 g), sodium lactate (0.085g), and sodium
pyruvate (0.086 g) were dissolved in 1 L of ultrapure water, and the pH was adjusted to 4.5. CDs with
their initial corona were resuspended in 1 mL of ALF, mixed and incubated for 4 h at 37 °C under orbital
agitation (850 rpm for 30 min, then 450 rpm for 3 h 30). Based on the literature (Rabel et al., 2021)
and preliminary tests, the incubation time in ALF was set at 4 h to allow stabilization of the protein
dissociation process from the initial corona. The samples were then centrifuged at 14,000 g and 20 °C
for 45 min. Supernatant was discarded and the pellets containing the post ALF corona were

resuspended in 100 pL of ultrapure water.

2.13. Qualitative analysis of corona samples by SDS-PAGE
Qualitative analysis of the proteins in the corona samples was performed by SDS

polyacrylamide gel electrophoresis (SDS-PAGE). Twenty uL of the samples were mixed with 20 uL of
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Laemmli buffer (125 mM Tris-HCl, 4 % SDS, 20 % glycerol, 0.1 % bromophenol, pH 6.8) containing 10 %
B-mercaptoethanol. Afterwards, the samples were heated for 5 min at 100 °C, and then 30 pL of the
sample or 5 ulL of a protein standard (Amersham™ High Range Rainbow Marker, Merck, Germany)
were dispensed into the wells of an SDS-PAGE gel (Mini-PROTEAN TGX Precast at 4-15 %, Bio-Rad).
Electrophoresis was performed at 160 V, 70 mA for approximately 45 min. The gels were stained for
10 min with Coomassie Brilliant Blue R-250 (Bio-Rad) and destained for 2 h in a solution of ethanol
(25 %), acetic acid (10 %) and ultrapure water (65 %). The stained bands were visualized using the

FastGene GelPic LED Box imaging system (Nippon Genetics Europe, Germany).

2.14. Protein quantification in corona samples

Proteins were quantified in the corona samples using the BCA method (bicinchoninic acid
assay, Sigma-Aldrich, MO, USA). Briefly, 20 uL of sample or standard (freshly prepared bovine serum
albumin (BSA) solutions) were placed in the wells of a titration plate. Freshly prepared BCA reagent
was added to each well (200 pL) and the plates were incubated at 37 °C for 30 min. Absorbance of the
samples at 570 nm was then measured. Protein concentrations were calculated from the calibration

curve obtained with BSA.

2.15. Protein corona characterization by proteomic analysis

The initial and post ALF coronas were characterized according to a protocol we have previously
described (Arezki et al., 2022a). Briefly, for each sample, 7.5 ug of protein lysate was concentrated on
a stacking gel by electrophoresis. The gel bands were cut, washed with ammonium hydrogen
carbonate and acetonitrile, reduced, and alkylated before trypsin digestion (Promega). The generated
peptides were analyzed on a nanoAcquity UPLC device (Waters, MA, USA) coupled to a Q-Exactive Plus
mass spectrometer (Thermo Fisher Scientific, France). A Top 10 method was used with automatic
switching between MS and MS/MS modes to acquire high resolution MS/MS spectra. Raw mass

spectrometry (MS) data processing was performed using the MaxQuant software v1.6.7.0.86. Peak
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lists were searched against a target-decoy database including Bos Taurus protein sequences extracted
from Uniprot. False-discovery rates set to 1 % for both peptide spectrum and proteins matches. The
LFQ (label-free quantification) and the “match between runs” options were not used. All other
MaxQuant parameters were set as default. To be considered, proteins must be identified in all four
replicates of at least one condition. To determine the relative abundance for each protein and classify
them, we determined the relative intensity-based absolute quantification (riBAQ) for each protein
(Lenz and Dihazi, 2016). Then, a cut-off was applied to select only proteins present in all four replicates,
and with a riBAQ > 0.05. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository (Perez-Riverol et al., 2022) with the
dataset identifier PXD042143. The physicochemical properties of the proteins were calculated based
on their sequences. The molecular weight (MW) and isoelectric point (pl) were computed via
https://isoelectric.org/index.html and the GRAVY index via https://www.bioinformatics.org/
sms2/protein_gravy.html. The biological functions of the proteins were analyzed according to the
molecular functions and the involvement in KEGG pathway using the classification generated from the

DAVID (v 6.8), STRING (v 11.5) and Panther (v 16.0) systems.

2.16. Statistical analysis

Data were expressed as mean + SEM. Statistical differences between groups were determined

by a one- or two-way analysis of variance (ANOVA) followed by a Tukey’s or Sidak’s test, using the

GraphPad Prism 6.0 software. Data were considered as significantly different when p value was less

than 0.05.

3. Results and discussion

3.1. Design and characterization of CDs
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The CDs investigated herein were designed to be cationic and to exhibit protonatable
(titratable) or non-protonatable (non-titratable) amine groups at their periphery, over a pH range from
lysosomal (4.5) to cytoplasmic pH (7.4). Two different polyamine-based passivating reagents (bPEI25k
and bPEI600) were used to obtain titratable CDs (CD-T), namely CD-PEI25k-T and CD-PEI600-T, with
primary, secondary and tertiary amine functions on their surface. A post-functionalization step was
then realized to obtain the respective non-titratable CDs (CD-NT), namely CD-PEI25k-NT and CD-
PEI600-NT, with tetraalkylammonium functions on their surface. The size (D), zeta-potential (¢), surface
charge density (electrokinetic charge, Qek), surface charge titratability (Q:) and optical properties of
these 4 CDs are presented in Table 1. The mean hydrodynamic diameter of the CDs, determined by
DLS, ranged from 9.9 to 15.8 nm, which corresponds to the size generally described in the literature
for CDs (Truskewycz et al., 2022). The surface charge and surface charge density of the 4 CDs, measured
at pH 7.4, were close to each other, with a -potential greater than +30 mV ({ from +31.8 to +39.0 mV)
and a marked Qe (from 4.70 to 6.67 umol/mg). As expected, the CDs differed in their charge
titratability. CD-PEI25k-T displayed a large amount of titratable amine groups (Q: = 3.94 umol/mg,
between pH 4.5 and pH 7.4), while CD-PEI25k-NT had much fewer (Q: = 0.63 pmol/mg) as most amine
groups had been quaternarized. Similarly, CD-PEI600-T had a higher amount of titratable positive
charges (Q: = 3.12 umol/mg) than CD-PEI6O0O-NT (Q: = 1.42 umol/mg). Noteworthy, full
guaternarization of all amines at the surface of the CDs is difficult and could not be achieved under the
experimental conditions used herein. Nevertheless, the titratability of bPEI25k-based CDs
(CD-PEI25k-T vs CD-PEI25k-NT) was reduced by ca. 84 %, whereas the titratability of bPEI600-based
CDs (CD-PEI600-T vs CD-PEI6G00-NT) was reduced by 54 %. Regarding the fluorescence properties of
the 4 CDs (Fig. S1), the maximum excitation ranged from 345 to 365 nm, while the fluorescence
emission wavelength was maximum at 455-460 nm, which is easy to use for in vitro imaging (Table 1).
Thus, we produced two pairs of CDs with titratable and non-titratable positive charges whose

biological effects and protein corona could be compared.
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Table 1 Physicochemical and photophysical characteristics of the CDs investigated herein

CD-PEI25k-T CD-PEI25k-NT CD-PEI600-T CD-PEIG00-NT
o 0 H o . 2/ o H o Y
Structure o) NN S '%.:/\@/,%,\/ 6 NN 6 ﬁ’t/\ca/'é'\/
K/NH2 ‘\/NMe3 K/NHZ K/NMe3
Passivation reagent bPEI25K bPEI25K bPEI600 bPEI600
H ic diamet
ydrodynamic diameter 9.9+05 15.8+0.9 11.0+3.4 1324038
D [nm]
Zeta-potential 324413 +39.0+1.4 +31.8+1.1 4333446
{[mV]
Surface charge density 5.5 6.67 4.70 478
Qek [umol/mg]
face charge ti ili
Surface charge titratability 3.94 0.63 312 142
Q:[umol/mg]
Photolumi
otoluminescence 2/345/460 2/360/450 350/365/460 350/360/455

Amax/)\ex/)\em [n m]

a) Monotonous UV-vis absorption decreasing between 250 and 800 nm.

3.2. Study of CD-T and CD-NT trafficking to the lysosomes

The CD-T and CD-NT trafficking to the lysosomes was investigated in macrophages using CLSM
after lysosome staining with the LysoTracker® Red fluorescent probe. As PEI600-based CDs exhibited
a higher fluorescence quantum yields than PEI25k-based CDs (F = 12.4 % vs. 1.4 %, respectively), the
trafficking of CD-T and CD-NT to the lysosome was studied for the PEI600-based CD pair to facilitate
CD intracellular detection and quantitative analysis of lysosomal colocalization with sufficient
robustness. It should be noted that a localization of PEI25k-based CDs in lysosomes of macrophages
was previously reported by our group (Ronzani et al., 2019), and we assume that this behavior should
be maintained in the present study. In the present work, macrophages were exposed to 12.5 ug/mL of
CD-PEI600-T or CD-PEI600-NT for 4 h before cell imaging. The concentration of CDs was chosen based
on previous work on CD lysosomal trafficking and toxicity (Ronzani et al., 2019). As shown on CLSM
pictures (Fig. 1a), the two CDs (blue spots) colocalized with lysosomes (red spots). A quantitative
analysis of fluorescence signals associated with CDs and lysosomes (Fig. 1b) confirmed this
colocalization for both CD-PEI600-T and CD-PEI600-NT, with positive and statistically significant

Pearson's correlation coefficients (r = 0.45 with p < 0.001 for CD-PEI600-T; r = 0.30 with p < 0.001 for

17



CD-PEI600-NT). Thus, our data showed that cationic CDs trafficked into lysosomes after cell uptake,
whether they had titratable or non-titratable positive charges on their surface. In the literature, it has
already been reported that cationic CDs with amine groups have the ability to target the lysosome (E
et al., 2018; Ronzani et al., 2019; Wu et al., 2017). We have further shown here that this intracellular
localization is maintained when the amine functions present on the surface of the NPs are less or not

sensitive to pH.

3.3. Impact of the titratability of surface charges on the toxicity of CDs

3.3.1. Lysosomal dysfunction induced by CD-T and CD-NT

We assessed whether the accumulation of CDs in the lysosome could lead to a disruption of
this organelle. The cells were exposed to increasing concentrations (3-100 pug/mL) of CD-PEI25k and
CD-PEI600 with titratable (CD-T) or non-titratable (CD-NT) charges, for 24 h, and the lysosomal
integrity was determined using the neutral red assay (Fig. 2a). A dose-dependent loss in lysosomal
integrity was observed in response to the 4 CDs, with a significantly stronger effect for CD-T (light grey)
compared to CD-NT (dark grey). This loss in lysosomal integrity resulted from lysosomal swelling as
showed in cells treated with 25 ug/mL of CDs (Fig. 2b). As the lysosomal protease cathepsin B is one of
the main effectors of toxic responses resulting from lysosomal damage (Boya and Kroemer, 2008),
cathepsin B activity, as well as the effect of cathepsin B inhibition on CD-induced NLRP3 inflammasome
activation, were assessed. As shown in Fig. 2c, CD-PEI25k-T induced a 2.39-fold increase in cathepsin
B activity in cells exposed to 25 pg/mL of the NPs for 4 h, whereas CD-PEI25k-NT evoked a 1.45-fold
increase in the same conditions. For PEI600-based CDs, only CD-T induced an increase in cathepsin B
activity at 25 (1.73-fold) and 100 pg/mL (2.91-fold). As illustrated on Fig. 2d, the IL-1 cytokine, a
marker of NLRP3 inflammasome activation, was secreted by macrophages in response to 25 and
100 pg/mL CD-PEI25k and CD-PEI600. This secretion was globally more pronounced for CD-T (white

bars) than for CD-NT (grey bars) and was significantly decreased by cathepsin B inhibitor (hatched bars)
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for both CD-T or CD-NT. Thus, this showed that cationic CDs induce swelling and loss of membrane
integrity of the lysosome in macrophages, leading to the release of cathepsin B, and that this lysosomal
dysfunction can lead to subsequent cellular effects such as activation of the NLRP3 inflammasome. In
agreement with our data, a link has already been established in the literature between the lysosomal
dysfunction induced by carbon-based NPs and NLRP3 inflammasome activation, with a key role for
cathepsin B (Svadlakova et al., 2020). Our previous data showed the impact of zeta-potential (Fan et
al., 2019) and positive charge density (Weiss et al., 2021) in the lysosomal toxicity of CDs. In the present
study, we showed the influence of an additional parameter which is the pH sensitivity of the chemical
groups (titratability) at the surface of CDs, as CDs with primary, secondary and tertiary amine groups
induced greater lysosomal dysfunction compared to CDs with equivalent non-titratable

tetraalkylammonium groups. This point will be discussed below.

3.3.2. Involvement of the lysosome in the cytotoxicity of CD-T and CD-NT

To evaluate the cytotoxicity of CDs on macrophages, the cells were exposed to increasing
concentrations of the NPs for 24 h, and the cellular viability was first assessed by measuring cell
mitochondrial activity using the MTT assay (Fig. 3a). A dose-dependent decrease in cell viability was
observed in response to the PEI25k-based CDs, with a lower ECso value for CD-PEI25k-T compared to
CD-PEI25k-NT (17.8 and 28.5 ug/mL, respectively). This loss of cell viability was associated with an
increase in the LDH necrosis marker in the culture supernatants of cells exposed to the 2 CDs, but this
increase was statistically significant from 12 pug/mL for CD-PEI25k-T and 25 ug/mL for CD-PEI25k-NT
(Fig. 3b). The results obtained for PEI600-based CDs also showed more pronounced cytotoxic effects
for CD-T (ECso = 19.6 pg/mL and LDH increase from 12 pg/mL), compared to CD-NT (ECso = 103.1 pg/mL
and LDH increase from 100 pg/mL). To note that a flow cytometry approach with the Annexin
V/propidium iodide assay (data not shown) confirmed the data obtained with the MTT and LDH tests,
dispelling any doubt about a possible interference of CDs with these colorimetric tests. We also

observed that PEI25k-based CDs induced more cytotoxic effects than PEI600-based CDs. This can be
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explained by the nature of the passivation agent used in the CD synthesis (chain length of PEI25k >
chain length of PEI600), which governs the quantity of amino groups at the periphery of the CDs, and
by the way the surface charge density of the CDs (Qex of CD-PEI25k > Qe« of CD-PEI600). As we have
shown previously (Fan et al., 2019; Weiss et al., 2021), the longer the chain of the amine-based
passivation agent, the higher the toxicity of the particles (Fan et al.,, 2019). In terms of NP
characteristics, this translates into a cytotoxicity that dependents on the CD surface charge density
(Weiss et al., 2021), which is the case in the present study. In macrophages, the NLRP3 inflammasome
activation leading to cell death by pyroptosis via the cleavage and the activation of caspase-1 is a
possible consequence of lysosomal dysfunction (Wang et al., 2018). In order to investigate whether
the 4 CDs investigated herein could induce macrophage cell death by pyroptosis, the cells exposed to
CDs (25 and 100 pg/mL) for 4 h were labelled with the FAM-FLICA and propidium iodide reagents, to
measure caspase-1 activity and membrane integrity loss, respectively. The double positive cells were
then identified as pyroptotic cells by flow cytometry, as illustrated for the dose of 25 ug/mL of CDs on
Fig. 3c. Whereas nearly 80 % of cells exposed to CD-PEI25k-T (25 and 100 pg/mL) and nearly 60 % of
cells exposed to CD-PEI600-T (100 pg/mL) were double positive, suggesting macrophage death by
pyroptosis, there were globally fewer pyroptotic cells in response to CD-NT (Fig. 3d). Collectively, these
results demonstrated that cationic CDs accumulate in the lysosome, leading to lysosomal swelling, loss
of lysosomal integrity, cathepsin B activation, NLRP3 inflammasome activation, and ultimately cell
death by pyroptosis. Consistent with our data, pyroptosis has recently been incriminated in the toxicity
of carbon NPs, notably carbon black NPs (Reisetter et al., 2011) or carbon nanotubes (Wang et al.,
2020). Regarding CDs, we have previously shown that cationic CDs with a high density of positive
charges at their surface induce inflammasome-dependent pyroptosis in macrophages via lysosomal
dysfunction (Arezki et al., 2022b). In the present study, we further demonstrated the influence of the
titratability of the positive surface charges, since all the effects observed were stronger for CD-T than
for CD-NT. Very few studies have focused on the role of the titratability of the surface charge of NPs

on their toxicity. Our data are in agreement with those of Xia et al. who reported an increased
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lysosomal toxicity of polystyrene NPs bearing titratable amine groups on their surface compared with
those bearing amidine groups (Xia et al., 2008), as amidines are more readily ionized (pKa = 11-12),
i.e., less titratable in the pH range considered, than amines (pKa = 9.5-11). Thus, our data support the
hypothesis that the “proton sponge” effect is involved in the cellular response to cationic CDs. Indeed,
due to the titratable chemical groups at their surface, CD-T can buffer the interior of the lysosome.
This may result in an increased accumulation of protons in the compartment associated with an influx
of chloride anions and water molecules, leading to osmotic swelling and
destabilization/permeabilization of the lysosomal membrane. Recent work did envisage taking
advantage of this pH sensitivity of cationic CDs in therapeutic approaches, particularly for the targeted-
delivery of anti-cancer drugs inside tumors, whose microenvironment is often acidic due to the
Warburg effect (Feng et al., 2016; Lee et al., 2022). However, the nature of the cationic charges present
on the surface of therapeutic NPs is still rarely studied, although achieving effective endo-lysosomal
release of NPs by the use of proton-sponge effect depends on a delicate balance between proton
accumulation in the lysosomal compartment, osmotic swelling and destabilization of the endo-
lysosomal membrane (Vermeulen et al., 2018). In fact, our data showed that it may be possible to
modulate NP lysosomal effects by the design of NPs with variable amounts of titratable positive
charges on their surface. It will be an interesting area for further research, particularly to better control

the delivery of drugs carried by therapeutic NPs.

3.4. Impact of the lysosome on the fate of the CD-T and CD-NT protein coronas

3.4.1. Qualitative changes in CD-T and CD-NT protein coronas under lysosomal conditions

It is now well known that the cellular effects of NPs do not only depend on their molecular
identity, but that the protein corona also plays a crucial role (Ding et al., 2018). It has been suggested
that during cell uptake of NPs, the protein corona is retained on the surface of NPs, trafficked to

lysosomes together with the NPs and afterwards degraded inside this organelle (Bertoli et al., 2016;
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Wang et al., 2013b). Although recent studies, including our work (Arezki et al., 2022a), have looked at
the impact of the protein corona on the cellular uptake of CDs, the evolution of the CD protein corona
during trafficking to the lysosomal compartment has never been reported. To address this point in the
present study, the 4 CDs were incubated with serum (1 h, 37 °C) according to a protocol previously
described (Arezki et al., 2022a), in order to cover them with a protein corona, called “initial corona”.
The CD-protein complexes were then placed in ALF for 4 h to simulate the lysosomal environment, and
then re-isolated to characterize the “post ALF” corona. With a composition, salt concentration and pH
value similar to the physiological situation, ALF was proposed several years ago as a simulated
lysosomal fluid to assess the degradation of metal NPs in the lysosome (Arbab et al., 2005; Milosevic
et al., 2017; Rabel et al., 2019). More recently, some authors used ALF to investigate the evolution of
iron oxide NP coronas in the lysosome (Rabel et al., 2021; Stepien et al., 2018). Here, the initial and
post ALF coronas were first characterized by SDS-PAGE analysis (Fig. 4a) and quantification of bound
proteins was realized by BCA assay (Fig. 4b). A large amount of protein bands was detected by SDS-
PAGE analysis in the initial corona of the 4 CDs (molecular weight ranging from 12 to 225 kDa), showing
the binding of the most abundant proteins. The observed protein binding pattern was consistent with
the SDS-gel protein profile previously described in the literature for lipid-mimicking chlorophyll-based
CD protein corona (Peng et al., 2022). Remarkably, protein pattern was changed in the post ALF corona
of the 4 CDs, with globally less proteins absorbed compared to the respective initial corona. The results
of the BCA assay confirmed these observations with a significant reduction of the quantity of adsorbed
proteins after incubation of CD-protein complexes in ALF for all CDs. Indeed, after a 4-h incubation in
ALF, only 7-27 % of the initial protein amount was retained on the surface of CD-PEI25k or CD-PEI600,
regardless of whether the CDs had titratable or non-titratable positive charges on their surface. It was
expected that the acidic pH and the high ionic strength of ALF would cause a rapid dissociation of the
proteins from the surface of the CDs. These data are consistent with previous results of Rabel et al.
who showed that the majority of the corona proteins bounded on iron oxide NPs are detached from

the NP surface within the first hour of incubation in ALF medium, with a stabilization of protein
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dissociation from 4 h (Rabel et al., 2021). The fact that proteins from the corona can be rapidly
degraded in lysosome has also been previously reported in an in vitro study, with a majority of proteins
degraded in the lysosome within 8-16 h following NP cell uptake (Bertoli et al., 2016). However, it was
also reported that the proteins still present on the surface of the NPs once in the cell and that form
the intracellular corona play a major role in the biological effects of NPs (Cai et al., 2022). This will be

investigated below.

3.4.2. Evolution of physicochemical properties of CD-T and CD-NT corona proteins under lysosomal
conditions

To gain a more detailed understanding of the evolution of the corona formed on CDs after
trafficking into the lysosome, proteins adsorbed on the surface of CDs within the initial and the post
ALF coronas were then identified and quantified by quantitative proteomic analysis. These proteins
were first classified according to their intrinsic physicochemical characteristics, including molecular
weight (MW), isoelectric point (pl) and grand Average of Hydropathy (GRAVY) index, which is used to
represent the hydrophobicity of the proteins. As shown in Fig. 5a, the MW distribution of the proteins
present in the initial coronas was globally homogeneous between the 4 CDs, with a majority of 40-
60 kDa proteins. This is in agreement with our previous study which reported a high proportion of
intermediate size proteins in the corona of cationic CDs (Arezki et al., 2022a). For PEI25k-based CDs,
the post ALF coronas contained a slightly lower proportion of large proteins (> 60 kDa) compared to
their respective initial coronas, with a more marked tendency for CD-T than for CD-NT. In line with this,
it has been proposed that proteins adsorbed on NPs may be degraded in the lysosome with different
kinetics (Ma et al., 2015). In particular, it has been suggested that proteins of low MW would be
degraded more slowly than proteins with higher MW (Bertoli et al., 2016). The pl analysis (Fig. 5b)
showed that whatever the CDs, the majority of proteins in the initial coronas had a negative net charge
at pH 7.4 (i.e., pl < 7). Interestingly, for all CDs, the post ALF coronas contained more proteins with a

higher negative charge (i.e., pl < 5). This effect also appeared to be slightly stronger for CD-T than for
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CD-NT. These results support the hypothesis that the proteins retained on the surface of CDs under
lysosomal conditions are those that are more tightly bound to the surface of CDs by electrostatic
interactions. As shown in Fig. 5¢c, the GRAVY scores of the initial corona proteins were mainly negative,
indicating that the initial corona proteins for the 4 CDs are rather hydrophilic. This is to be expected
since serum proteins are relatively hydrophilic. Remarkably, the post ALF coronas contained
proportionally less hydrophobic proteins (GRAVY index close to 0), especially with regard to CD-T. This
suggests that proteins bound to the surface of CDs by hydrophobic interactions are preferentially
removed under lysosomal conditions. Thus, for the first time, using proteomic analysis, we
characterized the physicochemical properties of the proteins that compose the CD corona after its
passage under lysosomal conditions. We showed that the proteins that compose the post ALF corona
are different from those of the initial corona in terms of size, charge and hydrophobicity and exhibit
the strongest binding to the surface of CDs by electrostatic interactions. The observed changes in the
composition of the corona after its passage into the lysosomal fluid are somewhat more pronounced
for CD-T than for CD-NT, suggesting that the titratability of the surface charge of CDs may have an

impact on the evolution of the corona composition once inside the lysosomal compartment.

3.4.3. Evolution of biological functions of CD-T and CD-NT corona proteins under lysosomal conditions

As seen previously (Fig. 4), the majority (75-95 %) of the initial protein amount was removed
from the CD surface under lysosomal conditions. In order to further investigate the consequences of
this depletion in terms of protein rearrangement on the surface of the CDs, we analyzed the rank
evolution of individual proteins after the passage of CD-protein complexes in lysosomal conditions.
Fig. 6 shows the rearrangement of the most abundant proteins which compose the initial and the post
ALF corona of the 4 CDs. The rank of each protein in the initial and post ALF corona are shown in italics,
with proteins retaining the same rank in the initial and post ALF coronas shown in grey, proteins with
downgraded rank in the post ALF corona compared to the initial corona shown in green, and proteins

with upgraded rank in the post ALF corona compared to the initial corona shown in pink. We observed
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that, for all CDs, only 10-20 % of the proteins retained the same rank in the initial and in the post ALF
coronas, while 80-90 % of the corona proteins were rearranged in the post ALF coronas, regardless of
whether the CDs had titratable or non-titratable positive charges on their surface. Approximately half
of the rearranged proteins were downgraded (i.e., downgraded rank, in green) in the post ALF coronas
compared to the initial coronas. For example, ADIPOQ (adiponectin) was downgraded for all 4 CDs in
the post ALF coronas, and ALB (albumin) and some apolipoproteins such as APOA1 were downgraded
for 3 CDs. In line with our data, these three proteins (ADIPOQ, ALB and APOA1) were described as
among the most abundant proteins in the corona of carbon-based NPs (Lu et al., 2019; Machova et al.,
2020). In the literature, it has been proposed that a dissociation of the most abundant proteins can be
explained by the fact that they are often bound on NP surface by rather low affinity interactions
(Nguyen and Lee, 2017). Furthermore, we observed that this dissociation was to the benefit of other
proteins. For example, FBLN1, VTN, ITIH3 not only persisted on the surface of the CDs, but also were
upgraded (i.e., upgraded rank, in pink) in the post ALF coronas compared to the initial coronas. In
addition, some proteins were not present in the initial TOP 20 but were present in the post ALF TOP
20, e.g., HBA (for 4 CDs) and TUBB1 (for 3 CDs). As some of these proteins have specific biological
activities, such as ITIH3, which acts as a hyaluronan transporter or as a binding protein with other
matrix proteins (Pozzi et al., 2015), it can be assumed that this rearrangement may be associated with
biological consequences, which will be discussed later. The dissociation of some proteins from the
initial corona followed by the protein rearrangement observed under lysosomal conditions may be
related to the physicochemical characteristics of the proteins. Indeed, we have observed previously
(Fig. 5) that the proteins retained on the CD surface were in particular proteins with a relatively low pl
(i.e., pl < 6). This could be explained by an electrostatic stabilization effect of the most negatively
charged proteins on the surface of the CDs when the pH decreases, as opposed to a favored
dissociation of proteins with higher pl. Although several interaction mechanisms have been described
between proteins and NPs, electrostatic interactions are considered as the most important binding

mechanism (Rabel et al., 2021), which our data also indirectly suggest.
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Bioinformatics tools such as Panther or STRING systems were next used to analyze the
biological functions of the proteins found in the initial and the post ALF coronas. The protein
classification according to their molecular function (Fig. 7) revealed that most of the proteins present
in the initial corona of the 4 CDs exhibit binding or catalytic activity functions. Notably, these binding
and catalytic proteins were particularly retained on the surface of CDs after their passage under
lysosomal conditions, and this appeared to be more marked for CD-T than for CD-NT. This result may
be important as it has been reported that the interaction of NPs with proteins can lead to protein
activation or inactivation in the cellular environment (Walkey et al., 2012). As mentioned above, the
physicochemical characteristics of the binding and catalytic proteins could explain their persistence in
the corona after its passage into the lysosomal fluid. Indeed, these two groups of proteins were
predominantly negatively charged with over half of the proteins with a pl < 6 (Fig. S2). Therefore, they
may be preferentially retained on the surface of CDs under lysosomal conditions due to strong
electrostatic interactions.

The proteins present in the initial and post ALF coronas of the 4 CDs were then analyzed
according to their involvement in KEGG signaling pathways. Fig. 8 shows the main KEGG pathways
according to whether they are present in the initial or post ALF coronas of 4 out of 4 CDs (red), 3 out
of 4 CDs (orange), 2 out of 4 CDs (yellow), 1 out of 4 CDs (in green), or whether they are not observable
(blue). The proteins involved in the pathway of complement and coagulation cascades were present
in the initial corona of the 4 CDs, as previously described for the corona of carbon-based NPs (Machova
et al., 2020), including CDs (Arezki et al., 2022a). In the literature, complement proteins have in
particular been identified as key proteins constituting the corona of NPs, in correlation with NP uptake
by immune cells by promoting opsonization (Ju et al., 2020). The initial coronas of the CDs also
contained proteins involved in the cholesterol metabolism (4/4 CDs), proteasome (2/4 CDs),
phagosome (2/4 CDs), focal adhesion (1/4 CDs) and platelet activation (1/4 CDs) KEGG pathways.
Interestingly, all of these pathways were conserved in the post ALF coronas, which means that these

groups of proteins persist on the surface of CDs under lysosomal conditions, and therefore may have
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intracellular effects. Again, these groups of proteins were distinguished by a predominantly negative
charge with an average pl <6 or even around 4, for example for proteins involved in the phagosome
and focal adhesion KEGG pathways (Fig. S3). In particular, it is worth noting the persistence of proteins
involved in the proteasome system, since the deregulation of this system is involved in a large number
of cellular processes such as carcinogenesis or neurodegeneration. In the literature, it has been
reported that metallic oxide NPs have the capacity to adsorb some protein subunits of the proteasome
and thus act as modulators of the proteasome activity with toxic effects (Falaschetti et al., 2013).
Remarkably, due to the dissociation of a large proportion of proteins, we were also able to identify the
presence of proteins involved in certain KEGG pathways in the post ALF coronas that were not
observable in the initial coronas (Fig. 8). Notably, the KEGG pathways of glycolysis and
gluconeogenesis, glucagon signaling pathway or pyruvate metabolism were highlighted in post ALF CD
corona. This could impact the intracellular responses induced by CDs by modifying metabolic processes
and cellular homeostasis. Indeed, it has recently been reported that the intracellular corona of gold
NPs was particularly abundant in glycolysis proteins (e.g., PKMZ2) after escape of the NPs from
lysosomes to the cytosol, and that this could disrupt intracellular metabolism (Cai et al., 2022). In
addition, we also found that the post ALF CD coronas contained proteins involved in PPAR and PI3K-
Akt signaling pathways, which may also modify the intracellular biological responses. For example, the
PI3K-Akt-mTOR pathway is a complex signaling pathway involved in carcinogenesis because its
deregulation affects cell growth, proliferation or survival. An anticancer effect of selenium NPs through
downregulation of the PI3K-Akt-mTOR pathway has been proposed (Wang et al., 2022). But it has also
been shown that this anticancer mechanism of NPs is reversed by the presence of a protein corona
(Cui et al., 2022). To summarize this section, our data showed that there was a dissociation followed
by a subsequent rearrangement of the CD corona proteins after passage of CD-corona complexes
under lysosomal conditions, with a persistence of binding proteins, catalytic proteins, and proteins
involved in several KEGG pathways such as the proteasome, glycolysis, or PI3k-Akt pathways. These

changes were observed for all CDs, whether they carried titratable or non-titratable positive charges
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on their surface. But, the persistence of binding and catalytic proteins was more pronounced for CD-T
compared to CD-NT, suggesting that the titratability of the surface charge of CDs may have an impact
on the selection of corona proteins once in lysosomal compartment. Thus, due to their biological
functions, our data suggest that proteins retained on the surface of CDs under lysosomal conditions

may contribute to the intracellular effects of the NPs.

4. Conclusions

Our study focused on the complex interaction between the lysosome, the protein corona and
the biological effects of CDs. On the one hand, our data confirmed that the lysosome is the subcellular
target of cationic CDs, with accumulation of NPs in this organelle, leading to lysosomal swelling, loss
of lysosomal integrity, activation of cathepsin B and NLRP3 inflammasome, and ultimately cell death
by pyroptosis. We demonstrated also that the titratability of CD cationic surface charges affects these
lysosomal key events, as CDs with titratable amine groups induce greater lysosomal dysfunction than
CDs with equivalent non-titratable tetraalkylammonium groups. Thus, our data support the hypothesis
that the "proton sponge" effect is involved in the biological effects of cationic CDs. On the other hand,
using proteomic analysis, we showed that there is a significant dissociation of the initial corona
proteins followed by a rearrangement of the remaining proteins when the CDs come into contact with
lysosomal conditions, demonstrating an interplay between lysosome and corona in link with CD
cationic surface charge titratability. The modulation of the quantity of titratable positive charges on
the surface of NPs thus appears to be an interesting approach for further research, in order to better

control the intracellular effects of therapeutic NPs.
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Fig. 1. Colocalization of CDs with lysosomes. Cells were exposed to 12.5 pg/mL of CD-PEI600-T or CD-

PEI600-NT for 4 h, and stained with the LysoTracker® Red fluorescent probe before observation by

CLSM. a) CLSM pictures of cells. Lysosomes are colored in red and CDs appear in blue (scale

bar = 20 um). b) Quantitative analysis of fluorescence signals associated with CDs and lysosomes,

obtained from the analysis of approximately 100 cells per condition.
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Fig. 2. Lysosomal dysfunction induced by CDs. Cells were exposed to CDs (a: 3-100 pg/mL; b: 25 pg/mL;
c: 25 and 100 pg/mL) for 24 h (a and b) or 4 h (c) before lysosomal integrity (a, neutral red), lysosomal
swelling (b, LysoTracker® Red DND-99 staining) and cathepsin B activity (c, Magic Red® assay)
assessment. Data are means + SEM of n =3-6 experiments. Statistical differences at p <0.05 (one
symbol), p <0.01 (two symbols) and p < 0.001 (three symbols) were determined by ANOVA followed
by the Sidak’s test (a and c) or Tukey’s test (b) when compared to control unexposed cells (asterisks
for CD-T or dollar for CD-NT), or to cells exposed to CD-T (hash). d) Cells were pre-incubated or not
with CA-074Me (10 uM) for 1.5 h, and then exposed to CDs (25 or 100 pug/mL) for 24 h before
quantification of IL-1f secretion in cell culture supernatants. Data are means +SEM of n=4-5
experiments. Statistical differences at p <0.01 (two symbols) and p <0.001 (three symbols) were
determined by ANOVA followed by the Tukey’s test when compared to control unexposed cells

(asterisks for CD-T or dollar for CD-NT), or to cells with inhibitor pre-treatment and CD exposure (hash).
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Fig. 3. Cell death mechanism involved in the toxicity of CDs. a) and b) Cells were exposed to increasing
concentrations (3-100 pg/mL) of CDs for 24 h before cell viability (a, MTT assay) and necrosis (b, LDH
release) measurement. Data are means + SEM of n=3-6 experiments. Statistical differences at
p < 0.01 (two symbols) and p <0.001 (three symbols) were determined by ANOVA followed by the
Sidak’s test when compared to control unexposed cells (asterisks for CD-T or dollar for CD-NT), or to
cells exposed to CD-T (hash). ¢) and d) Cell pyroptosis induced by CDs. c) Representative flow cytometry
chart showing caspase-1 activity as a function of propidium iodide fluorescence in control cells and
cells treated with 100 pg/mL of CDs for 4 h. d) Pyroptosis induced by 25 and 100 pg/mL of CDs for 4 h,
expressed as percent of double positive cells. Data are means = SEM of n = 3-6 experiments. Statistical
differences at p < 0.001 (three symbols) were determined by ANOVA followed by the Sidak’s test when
compared to control unexposed cells (asterisks for CD-T or dollar for CD-NT), or to cells exposed to CD-

T (hash).
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Fig. 4. Characterization of initial and post ALF CD coronas. The CDs were incubated with serum (1 h,

37 °C) to form CD-protein complexes (intial corona), and the latter were then placed in ALF for 4 h to

obtain post ALF coronas. The initial and post ALF coronas were characterized by SDS-PAGE analysis (a)

and quantification by BCA assay (b) of bound proteins. Data are means + SEM of n = 4-5 experiments.

Statistical differences at p < 0.001 (three symbols) were determined by ANOVA followed by the Sidak’s

test when compared to initial corona.
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Fig. 5. Physicochemical properties of the proteins identified within the initial and the post ALF CD

coronas. Proteins were classified according to their MW (a), pl (b) and GRAVY index (c). Data are

expressed as percentage of the total proteins.
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Fig. 6. Rearrangement of the TOP most abundant proteins which compose the initial and the post ALF
CD coronas. The rank of each protein in the initial and post ALF coronas are shown in italics. Some
proteins are in the same rank in the initial and post ALF coronas (grey), some proteins are less abundant
in the post ALF corona compared to the initial corona (i.e., downgraded rank, green), and some
proteins are more abundant in the post ALF corona compared to the initial corona (i.e., upgraded rank,

pink).

34



CD-PEI25k-T

Binding

Catalytic Act.

Mol. Funct. Reg.

Mol. Transducer Act.
3 Initial corona

Struc. Mol. Act. Il Post ALF corona

0 10 20 30
Protein number

CD-PEI6O00-T
|

Gl =

Catalytic Act.

Mol. Funct. Reg.

Mol. Transducer Act.

3 Initial corona

Struc. Mol. Act. I Post ALF corona

0 10 20 30 40
Protein number

CD-PEI25k-NT
|

g~

Catalytic Act.

Mol. Funct. Reg.

Mol. Transducer Act.
[ Initial corona

Struc. Mol. Act. Il Post ALF corona

0 10 20 30 40
Protein number

CD-PEI600-NT
|

B

Catalytic Act.

Mol. Funct. Reg.

Mol. Transducer Act.

[ Initial corona

Struc. Mol. Act. Il Post ALF corona

0 10 20 30 40
Protein number
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Proteins were classified according to their molecular functions.
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