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Abstract

Cationic polyamine-based carbon dots (CDs) are increasingly being explored for biomedical
applications. These ultrasmall (<10 nm) fluorescent nanoparticles, synthesized from organic
precursors and functionalized with polyamines, possess a strong positive surface charge
that enables efficient complexation and delivery of nucleic acids, making them promising
candidates for gene therapy. However, the mechanisms by which the immune system,
particularly macrophages, recognizes and responds to these nanomaterials remain poorly
understood. In this study, we investigated the role of surface receptors in the uptake and
biological effects of cationic polyamine-based CDs in macrophages. Our data showed
that Fc receptors and the Toll-like receptor 4 (TLR4) were minimally involved in CD
internalization and associated cellular responses in contrast to scavenger receptors (SRs).
Indeed, SR inhibition reduced CD-induced cell viability loss, LDH release, and secretion of
the pro-inflammatory cytokine IL-1β. Among SRs, SR-A1 was identified as a key receptor
mediating CD recognition and toxicity, likely through activation of the MERTK signaling
pathway. Importantly, these mechanisms occurred in the absence of serum, indicating
that protein corona formation is not required for CD interaction with macrophage surface
receptors. Overall, our findings highlight the prominent role of SRs, particularly SR-A1, as
receptors recognizing cationic polyamine-based CDs on the surface of macrophages, and
provide new insights into the cellular mechanisms underlying the immunotoxicity of these
carbon-based nanomaterials.

Keywords: carbon dots; carbon nanoparticles; macrophages; scavenger receptors; SR-A1;
MERTK signaling pathway; protein corona; nanotoxicology; immune response

1. Introduction
Over the last ten years, carbon-based nanoparticles (NPs), commonly referred to as

carbon dots (CDs), have gained attention as highly promising nanomaterials with broad ap-
plication potential [1,2]. CDs are quasi-spherical NPs that exhibit unique features, including
an ultra-small dimension (<10 nm), strong chemical stability, excellent water dispersibility,
tunable intrinsic fluorescence, and notable resistance to photobleaching [3]. They are most
often prepared by carbonizing inexpensive organic precursors (e.g., citric acid, glucose) in
the presence of catalysts and/or passivating agents. The synthesized CDs can be readily
modified through chemical functionalization, leading to nano-objects enriched with various
surface chemical groups [4,5]. Beyond their utilization in advanced industrial technologies,
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including optoelectronics, photovoltaics, and energy storage, CDs are increasingly investi-
gated in the biomedical field, where they serve as versatile and efficient nanoplatforms for
drug delivery, bioimaging, and theranostics [6–8]. In particular, cationic polyamine-based
CDs are being actively developed as nanocarriers for gene therapy. Thanks to their positive
surface charge, these CDs can complex nucleic acids into stable nanoassemblies, thereby
enabling efficient transfection [9]. However, to safely harness CDs in nanomedicine, a more
thorough understanding of their interactions with biological systems is essential.

With the highlighting of the potential immunological effects of NPs [10–12], taking into
account the interactions of nanomaterials with the immune system appears crucial in the
development of new nanotechnologies for health. Although carbon is generally regarded
as a non-toxic element, several carbon-based nanomaterials, such as carbon nanotubes,
carbon black, graphene, or fullerenes, have raised safety concerns towards immune cells,
notably due to their ability to induce oxidative stress, inflammatory response, and cell
death [13–16]. Initially considered as being biocompatible [1], increasing evidence sug-
gests that CDs may also induce toxicological effects, depending on their physicochemical
characteristics [17–19]. In particular, surface charge has emerged as a major determinant
of CD-induced toxicity. Using a large library of CDs differing in size, surface charge, and
surface chemistry, our group demonstrated that anionic CDs were consistently non-toxic,
whereas cationic polyamine-based CDs, especially those with a marked surface charge den-
sity, triggered cytotoxicity in cultured human macrophages and inflammation in the lungs
of mice [20,21]. At the mechanistic level, we showed that cationic polyamine-based CDs
are rapidly internalized by macrophages, accumulate in lysosomes, and cause lysosomal
destabilization, leading to mitochondrial dysfunction, oxidative stress, and activation of the
NLRP3 inflammasome [22]. This cascade ultimately drives a pro-inflammatory response
and pyroptotic cell death [23]. Based on these data, we proposed an adverse outcome
pathway (AOP) in which uptake of cationic polyamine-based CDs by macrophages con-
stitutes the molecular initiating event leading to lung inflammation [24]. However, how
cationic polyamine-based CDs are recognized by macrophages for their internalization
remains unknown.

Macrophages express a broad spectrum of membrane receptors known as pattern-
associated recognition receptors (PRRs), which are able to detect molecular signatures,
whether associated with pathogens (namely, PAMPs for pathogen-associated molecular pat-
terns) or cellular damages (namely, DAMPs for damage-associated molecular patterns) [25].
Recently, it has been proposed that NP-associated molecular patterns (NAMPs) may consti-
tute a new type of danger signal that could trigger NP recognition by phagocytic cell surface
receptors and subsequent immunological signaling cascades [11,26]. Initially identified
to bind and remove modified lipoproteins, the scavenger receptor (SR) superfamily has
been proposed to be implicated in the recognition, internalization, and inflammatory or
cytotoxic responses of NPs [27]. Within this family, class-A scavenger receptors (SR-A), in
particular SR-A1, have been shown to participate in macrophage responses to different NPs,
such as silica [28], polystyrene [29] or gold NPs [30], or carbon nanotubes [31]. Although
class-B SRs (SR-B) appear to play a predominant role in epithelial and endothelial cells
rather than macrophages, several studies indicate that SR-B1 contributes to inflammasome
activation and subsequent pro-inflammatory signaling in macrophages exposed to silica
NPs [32]. Among other key macrophage surface receptors, Toll-like receptors (TLR) have
also been shown to interact with NPs. For example, TLR4 was reported to bind cationic
liposomes [33,34] or peptide-gold NPs [35], leading to a pro-inflammatory response [33].
Macrophages can also recognize NPs following protein corona formation, a dynamic pro-
cess where proteins, including opsonins, adsorb onto the NP surface upon contact with
biological fluids [36]. This opsonization process may influence NP cellular uptake and



Toxics 2025, 13, 731 3 of 19

cytotoxicity [37,38]. In the same way as endogenous particles like monosodium urate or
cholesterol crystals, opsonized manufactured NPs could be detected through complement
or Fc receptors [27]. However, the mechanisms underlying the recognition of most NPs by
macrophages remain poorly understood. Importantly, according to current knowledge, no
report has specifically investigated the interactions between macrophage surface receptors
and CDs, and particularly cationic polyamine-based CDs.

In this context, the objective of our study was to investigate the involvement
of macrophage surface receptors in the recognition and cellular responses to cationic
polyamine-based CDs. Our investigations focused on three major receptor families: the
SR (especially SR-A1), the TLR (TLR4), and the Fc receptor (FcγRI). The experiments
were conducted on phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 cells, as
a well-established in vitro model for studying macrophage functions [39] and surface
receptor-mediated interactions with NPs [40–43]. At first, we characterized the expression
of some SRs, TLR4, and FcγRI on the surface of these macrophages. Subsequently, we
explored the involvement of these receptors in the internalization and cellular effects of
cationic polyamine-based CDs. At last, we examined the role of the protein corona in
mediating CD recognition by macrophages.

2. Materials and Methods
2.1. Synthesis and Characterization of CDs

The cationic polyamine-based CDs analyzed in this study were synthesized and char-
acterized following previously established protocols [22,38]. In short, citric acid (2.0 g),
bPEI600 (8.0 g), and ultrapure water (50 mL) were combined in a beaker and heated at
160–170 ◦C with constant stirring. The solid residue obtained was dissolved in 0.1 N
HCl, subjected to dialysis against 0.1 N HCl for 24 h, and then against ultrapure wa-
ter for an additional 24 h. The dialyzed solution was filtered through a 0.22 µm PES
membrane and subsequently freeze-dried, yielding 1.6 g of CDs in the form of an orange
hygroscopic powder.

For characterization, fresh CD suspensions (1.0 mg/mL in 1.5 mM NaCl, pH 7.4)
were used. The hydrodynamic diameter, polydispersity index (PdI), charge (zeta-potential,
ζ-potential), and surface charge density were determined by dynamic light scattering (DLS)
on a Zetasizer Nano ZS apparatus (Malvern Instruments, Palaiseau, France). Measurements
of particle size, size distribution, and charge were performed in triplicate at 25 ◦C, and
results were expressed as mean ± SD. Surface charge density was calculated from the
variation of ζ-potential of CD suspensions upon titration with poly (acrylic acid) (PAA,
MW ≈ 1800 Da, 1.5 mM NaCl, pH 7.4), as reported previously [24], and expressed in
µmol/mg. The morphology of CDs was examined by transmission electron microscopy
(TEM) using an LVEM5 microscope (Delong Instruments, Brno, Czech Republic) operated
at 5 kV. For sample preparation, 0.5 µL of a CD suspension (1.0 mg/mL) was applied
onto carbon-coated copper grids (Cu-300HD, Pacific Grid Tech, San Francisco, CA, USA)
previously treated by glow discharge (90 V, 2 mA, 15 s). The grids were then allowed to
dry at room temperature for a minimum of 2 h before imaging. Optical features of CDs
were assessed by recording UV–visible and fluorescence spectra using a multimode reader
(Varioskan Lux, Thermo Fisher Scientific, Illkirch-Graffenstaden, France).

2.2. Cell Culture

THP-1 cells (TIB-202™, LGC Standards, Molsheim, France) were maintained at 37 ◦C
in a humidified 5% CO2 incubator using RPMI-1640 medium supplemented with L-
glutamine (2 mM), 2-mercaptoethanol (0.05 mM), penicillin (100 U/mL), streptomycin
(100 µg/mL), and 10% heat-inactivated FBS (all reagents from Life Technologies Limited,
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Paisley, UK). For experiments, cells were seeded into suitable culture plates (as described
above) and differentiated into macrophages by adding 10 ng/mL PMA (Sigma-Aldrich, St
Louis, MO, USA) overnight.

2.3. Characterization of the Macrophage Surface Receptors

Fluorescence Activated Cell Sorting (FACS) and confocal laser scanning microscopy
(CLSM) were used to assess the presence of receptors at the surface of the THP-1-derived
macrophages. For FACS, cells were seeded into 24-well plates at a density of 5 × 105 cells
per well and differentiated for 24 h, as indicated above. On the day of analysis, macrophages
were rinsed with PBS, detached by trypsinization, washed in PBS containing 0.5% BSA,
and incubated at room temperature for 10 min with a blocking solution (TruStain FcX™,
BioLegend, London, UK). Cells were then labeled for 20 min with the following antibodies
(all from BioLegend, London, UK): APC anti-human CD204 antibody (7C9C20 clone,
100 µg/mL), APC anti-human CD36 antibody (5271 clone, 100 µg/mL), APC anti-human
CD284 antibody (HTA125 clone, 200 µg/mL), APC anti-human CD64 antibody (10.1 clone,
200 µg/mL), Alexa Fluor® 700 anti-human CD11b antibody (ICRF44 clone, 200 µg/mL), and
PE anti-human CD35 antibody (E11 clone, 25 µg/mL) to identify SR-A1, SR-B2, TLR4, Fc
receptors, and CR3 and CR1 receptors, respectively. After staining, cells were washed once
with PBS/BSA and twice with PBS before analysis on an LSRFortessa X 20™ cytometer (BD
Biosciences, Le Pont de Claix, France). Fluorescence signals (30,000 events) were collected
using APC (red laser), APC-Alexa 700 (red laser), or PE (yellow-green) channels, and data
were processed with FlowJo™ (v10.3, Ashland, OR, USA). The results were expressed as
the percentage of labeled cells.

For CLSM, THP-1 cells were plated into 8-well IbiTreat µ-Slides (1.5 polymer coverslip,
IBIDI®, Ibidi GmbH, Gräfelfing, Germany) at 1 × 105 cells per well and differentiated into
macrophages. Following differentiation, cells were rinsed with PBS containing 0.5% BSA,
then incubated for 1 h with APC-labeled antibodies against CD204, CD36, CD284, or CD64
to detect SR-A1, SR-B2, TLR4, or Fc receptors, respectively. After staining, samples were
washed with PBS and incubated for 5 min with the MB488 probe (200 nM in PBS) to
label cell membranes [44]. Microscopy was performed using a SP2 confocal microscope
(Leica microsystems, Nanterre, France) with a 63× oil immersion objective (numerical
aperture = 1.2). The antibodies and the MB488 probe were excited with 635 nm and 488
nm laser lines, respectively.

2.4. Macrophage Exposure to CDs and Pharmacological Inhibitors

THP-1 cells were seeded in 96-, 24-, or 6-well culture plates at a density of 1 × 105,
5 × 105, or 2 × 106 cells per well, respectively, and differentiated into macrophages. The
macrophages were then washed with PBS and pre-treated or not for 1 h at 37 ◦C with
the SR inhibitors Fucoidan (10 or 50 µg/mL), Polyinosinic acid potassium salt (Poly-I,
10 or 50 µg/mL), or Polyguanylic acid potassium salt (Poly-G, 10, or 50 µg/mL), the TLR4
inhibitor Cli-095 (1 or 2 µg/mL); the FcR inhibitor Fc Block (2, 5, or 10 µL/well), and the
MERTK inhibitor UNC569 (0.25, 0.5, 1, or 5 µM). Fucoidan, Poly-I, and Poly-G were from
Sigma-Aldrich (Saint-Louis, MO, USA); Cli-095 was from InvivoGen (Toulouse, France);
Fc Block from Biolegend (London, UK); and UNC569 was from (Sigma-Aldrich, St Louis,
MO, USA). Then, the cells were exposed for 1 or 4 h to CD suspensions that were freshly
prepared in culture medium at 12, 25, or 50 µg/mL, or to culture medium alone (controls).
All cellular responses (CD cell uptake, cell viability, cell necrosis, IL-1β secretion, and
MERTK or phospho-MERTK expression) were analyzed at the end of the CD incubation
period. For studying the role of the protein corona in mediating the recognition of CDs by
macrophages, some experiments were performed in the absence of serum. In this case, the
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CD preparation, the cell pre-treatment with receptor inhibitors, and the cell exposure to
CDs were performed in serum-free culture medium. In all other experiments, and where
not specified, all protocol steps were performed in culture medium containing 10% serum.

2.5. Assessment of CD Uptake by Macrophages

Macrophage uptake of CDs was analyzed by CLSM and FACS. For CLSM, THP-1
cells were seeded into 8-well IbiTreat µ-Slides at 1 × 105 cells per well, differentiated, and
incubated for 1 h with CDs (25 µg/mL) in either complete or serum-free medium. After
incubation, cells were rinsed with serum-free medium, stained with MB488 (200 nM in
PBS) to label membranes, and examined using a Leica SP2 microscope (63× oil immersion).
CDs and MB488 were excited with 405 nm and 488 nm lasers, respectively.

For FACS, THP-1 cells were seeded into 24-well plates (5 × 105 per well), differenti-
ated, pre-treated or not with surface receptor inhibitors in complete or serum-free culture
medium, and then incubated with 25 µg/mL CDs for 1 (serum-free culture medium) or
4 h (complete medium). Following exposure, cells were washed with PBS, detached by
trypsinization, and further rinsed with PBS containing 0.5% BSA, then with PBS alone. Cell
suspensions were analyzed on an LSRFortessa X 20™ cytometer (BD Biosciences, Le Pont
de Claix, France). Fluorescence (30,000 events) was collected in the BV421 channel (violet
laser). CD uptake was quantified as changes in mean fluorescence intensity (MFI) relative
to untreated cells, and results were expressed as the ratio of MFI values. When studying
the implication of macrophage surface receptors, results were expressed as percent of CD
uptake inhibition.

2.6. Cell Viability and Necrosis Assays

Cell viability and necrosis were assessed with MTT and lactate dehydrogenase (LDH)
assays, respectively. Cells were seeded in 96-well plates (1 × 105 cells per well), differen-
tiated into macrophages, pre-treated or not with surface receptor inhibitors in complete
or serum-free culture medium, and then incubated with CDs (12, 25, or 50 µg/mL) for
4 h in complete or serum-free culture medium. After CD exposure, the cell supernatants
were collected for the LDH or IL-1β assay, whereas 100 µL of MTT (1.0 mg/mL, in culture
medium) was added to the cells. After 1 h incubation, MTT was removed, and cells were
lysed with DMSO. Absorbance was read at 570 nm with background correction at 690 nm
using a Varioskan LUX multimode reader (Thermo Fisher Scientific, Illkirch-Graffenstaden,
France). Cell viability was expressed as the percentage absorbance of CD-treated cells rela-
tive to untreated cells. LDH release in supernatants was measured using the Cytotoxicity
Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany) according to manufac-
turer instructions, with results expressed as fold-change in the absorbance measured in
the supernatants of CD-exposed cells relative to that measured in the supernatants of
unexposed cells.

2.7. Interleukin-1β Assay

The secretion of Interleukin-1β (IL-1β) by macrophages was quantified using a sand-
wich ELISA (DuoSet ELISA kit, R&D Systems, Minneapolis, MN, USA). Briefly, 96-well
high-binding microtiter plates were coated overnight at room temperature with 100 µL/well
of capture antibody (4 µg/mL in PBS). Plates were then washed three times with PBS con-
taining 0.05% Tween-20 and blocked for 1 h at room temperature with 300 µL/well of
PBS containing 1% BSA. After additional washes, 100 µL of standards (0–250 pg/mL) or
cell culture supernatants were added and incubated for 2 h at room temperature. Fol-
lowing washes, 100 µL/well of biotinylated detection antibody (200 ng/mL) was added
and incubated for 2 h at room temperature. Plates were then washed and incubated with
100 µL/well of streptavidin-HRP (1:40 dilution) for 20 min at room temperature and in the
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dark. After final washes, 100 µL/well of TMB substrate was added, and the reaction was
allowed to develop for 20 min in the dark before being stopped with 50 µL/well of 1 M
H2SO4. Absorbance was read at 450 nm with correction at 570 nm using a microplate mul-
timode reader (Varioskan LUX, Thermo Fisher Scientific, Illkirch-Graffenstaden, France).
Cytokine concentrations were calculated from the standard curve and expressed as pg/mL.

2.8. Western Blotting Analysis

For western blot analysis, THP-1 cells were seeded into 6-well plates at a density of
2 × 106 cells per well, differentiated into macrophages, pre-treated or not with a MERTK re-
ceptor inhibitor, and then incubated or not with CDs (25 µg/mL) for 4 h. After CD exposure,
the cells were washed with PBS and lysed with the RIPA lysis buffer containing protease
inhibitors (Pierce, Thermo Fisher Scientific, Illkirch-Graffenstaden, France). After determi-
nation of protein concentration by the BCA assay (Sigma-Aldrich, Saint-Louis, MO, USA),
samples (10 µg of proteins) were denatured at 95 ◦C for 5 min in Laemmli buffer, loaded on
a 4–20% polyacrylamide precast gel (Bio-Rad Laboratories, Marne La Coquette, France),
run at 160 V, and transferred to a Hybond ECLTM nitrocellulose membrane (GE Healthcare,
London, UK). Blots were blocked with TBS-Tween (0.1%) containing 5% BSA for 1 h at room
temperature and then incubated overnight at 4 ◦C with the following primary antibodies
(all from Abcam, Amsterdam, Netherlands): anti-beta actin antibody (ab8227, 1:5000),
anti-MERTK antibody (ab52968, 1:2000), and anti-phospho-MERTK antibody (ab14921,
1:1000). Blots were then washed four times for 10 min each using TBS-Tween. A secondary
antibody (HRP-conjugated anti-rabbit IgG antibody, 1:10,000, GE Healthcare, London, UK)
was then incubated for 1 h at room temperature. After three 10 min washes of the mem-
branes with TBS-Tween, the protein bands were visualized with the Clarity ECL substrate
(Bio-Rad Laboratories, Marne La Coquette, France), and the images were captured with an
Amersham™ Imager 600 (GE Healthcare, London, UK). The band densities were analyzed
using the ImageJ software (version 2.1).

2.9. Statistical Analysis

Data are presented as mean ± SEM from n = 2–6 biological replicates. Statistical com-
parisons were performed using Student’s t-test or one/two-way ANOVA with Dunnett’s
or Sidak’s post hoc tests, via GraphPad Prism 6.0. The significance threshold was set at
p < 0.05.

3. Results and Discussion
3.1. Physicochemical Characterization of CDs

The physicochemical characteristics of the studied CDs are summarized in Table 1.
The cationic polyamine-based CDs exhibited a small hydrodynamic diameter. They had a
cationic surface charge with a high charge density. TEM images revealed their rounded
morphology (Figure 1a). The UV–vis absorption and fluorescence spectra were recorded
(Figure 1b). The maximum absorption, fluorescence excitation, and fluorescence emission
wavelengths were 350, 365, and 460 nm, respectively. These features confirm that studied
the CDs are nano-sized cationic particles with intrinsic fluorescence, which allows their cell
tracking without additional labeling. These expected characteristics are in agreement with
previous reports [24].
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Table 1. Physicochemical characteristics of the cationic polyamine-based CDs investigated herein.

Structure
 

N

H
N

NH2

NH3O

O

≈14

Passivation reagent bPEI600
Hydrodynamic diameter

[nm] 11.0 ± 3.4

Polydispersity index
PdI 0.465 ± 0.105

ζ-potential
[mV] +31.8 ± 1.1

Surface charge density
Qek [µmol/mg] 4.70

Photoluminescence λmax/λex/λem [nm] 350/365/460

Figure 1. (a) Morphology of the cationic polyamine-based CDs as observed by TEM (scale bar = 200 nm).
(b) Optical properties of the CDs: absorption (red), excitation (green), and emission (blue; excitation
at 365 nm) spectra, scale bar = 20 µm.

3.2. Characterization of Surface Receptor Expression by THP-1-Derived Macrophages

The first step in our study on the role of surface receptors in the recognition of cationic
polyamine-based CDs by immune phagocytic cells was to characterize the presence of
SR-A1 (CD204), SR-B2 (CD36), TLR4 (CD284), and FcγRI receptors (CD64) at the surface
of THP-1-derived macrophages. To do this, PMA-differentiated THP-1 cells were labelled
with antibodies specific to each receptor and analyzed by FACS or CLSM (Figure 2).
FACS experiments showed that all the assessed receptors were present on THP-1-derived
macrophages (Figure 2a), with a percentage of positive cells of 54% for CD204, 98% for
CD36, 78% for CD284, and 99% for CD64 (Figure 2b). CLSM observations confirmed
the presence of SR-A1, SR-B2, TLR4, and Fc receptors on the cell surface (Figure 2c), as
evidenced by the presence of a labeling for each receptor (red label) that colocalized with
the membrane labeling (green label). Thus, in accordance with the literature [45], we
confirmed the presence of SRs, TLR4, and Fc receptors on the surface of THP-1-derived
macrophages, making this model suitable for our study.
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Figure 2. Determination of the presence of surface receptors on THP-1-derived macrophages by FACS
and CLSM. (a) Staining and gating strategy to analyze the presence of the various receptors on the
cell surface by FACS. (b) Quantification of the presence of the receptors on the cell surface by FACS.
Results are expressed as a percentage of positive cells and are means ± SEM of n = 3 experiments.
(c) Localization of the receptors at the cell surface, as evidenced by CLSM. Cell membranes are
colored in green, and receptors appear in red (scale bar = 20 µm).

3.3. Involvement of Surface Receptors in CD Uptake and Toxicity

To investigate the internalization of cationic polyamine-based CDs by THP-1-derived
macrophages, cells were incubated with 25 µg/mL of the NPs or with culture medium
alone as a control for 4 h, and CD-associated fluorescence was evaluated using CLSM
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and FACS. CD concentration and exposure time were selected from preliminary time- and
dose-dependent cytotoxicity experiments showing that the NP effects occurred rapidly
and that the concentration of 25 µg/mL CDs resulted in moderate effects (Figure S1).
As illustrated in Figure 3a, CDs appeared as blue fluorescent spots in the cytoplasm of
treated cells (cell membranes in green), whereas such spots were absent in untreated
control cells. Quantitative FACS analysis (Figure 3b) revealed a significant increase in
CD-associated fluorescence in macrophages exposed to the NPs compared with controls
(21-fold, p < 0.001), confirming the internalization of cationic polyamine-based CDs. This
observation is consistent with previous work from our group [24,46]. The implication
of macrophage surface receptors in CD uptake was then examined by FACS (Figure 3c).
Cells were pre-treated for 1 h with receptor inhibitors and then exposed to 25 µg/mL of
cationic polyamine-based CDs for 4 h. The concentrations of the inhibitors were selected
based on the literature [40,42,47]. The absence of cytotoxicity of all these inhibitors at the
chosen concentrations was verified (Figure S2). While the Fc receptor inhibitor Fc block and
the TLR4 inhibitor Cli-095 induced a slight alteration in CD cell uptake (around 10–20%
inhibition), the SR inhibitors Fucoidan, Poly-I, and Poly-G markedly inhibited CD uptake
by 63%, 44%, and 32%, respectively. These data suggest that SRs, and to a lesser extent Fc
receptors and TLR4, are involved in CD internalization by macrophages.

Figure 3. Involvement of surface receptors in cationic polyamine-based CD uptake by macrophages.
(a) CD uptake in control cells (left) or cells exposed to 25 µg/mL of CDs (right) for 4 h, as assessed by
CLSM. The cell membrane is colored in green, and CDs appear in blue and are indicated by white
arrows (scale bar = 20 µm). (b) Quantification of CD uptake in cells exposed to CDs (25 µg/mL) for
4 h when compared to control cells, as assessed by FACS. Event number (left) and fold change in
fluorescence intensity (right). Quantitative results are means ± SEM of n = 4 experiments. Statistical
differences when compared to control were determined by Student’s t-test (*** p < 0.001). (c) Effect of
surface receptor inhibition on CD uptake, as assessed by FACS. Cells were pre-treated with receptor
inhibitors for 1 h before the addition of CDs (25 µg/mL), and CD internalization was measured
at 4 h. Results were expressed as percent of inhibition of CD uptake and are means ± SEM of
n = 4 experiments. Statistical differences were determined by ANOVA followed by the Dunnett’s test.
* p < 0.05, ** p < 0.01, and *** p < 0.001 when compared to CD uptake in the absence of inhibitor (set at
100%, unrepresented on the figure).
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The implication of surface receptors in CD toxicity was then examined by measuring
THP-1-derived macrophage viability, necrosis, and IL-1β secretion (Figure 4). These three
endpoints were selected from some previous mechanistic works showing that cationic
polyamine-based CDs induce loss of cell viability, lytic cell death, and activation of the
NLRP3 inflammasome leading to IL-1β release in macrophages [22,23]. Together, they
provide sensitive and mechanistically relevant readouts to assess the contribution of sur-
face receptors in CD-induced macrophage responses. As before, cells were pre-treated
for 1 h with receptor inhibitors and then exposed to increasing concentrations (12, 25,
and 50 µg/mL) of cationic polyamine-based CDs, or to medium alone, for 4 h. The three
CD concentrations were chosen to represent low, intermediate, and high toxicity condi-
tions as determined in preliminary dose–response experiments (Figure S1). As shown in
Figure 4a–c, cationic polyamine-based CDs induced a dose-dependent loss of macrophage
viability (in gray). Fc Block (in red) and Cli-095 at 2 µg/mL (in green) triggered no or mini-
mal restoration of cell viability at all CD concentrations. In contrast, inhibition of SRs by
Fucoidan (in pink), Poly-I (in orange), or Poly-G (in blue) partially or completely restored
cell viability when CD-induced toxicity was low (12 µg/mL) or moderate (25 µg/mL).
Even under high toxicity conditions (50 µg/mL), SR inhibition maintained a protective
effect, although restoration was less pronounced. The viability loss induced by cationic
polyamine-based CDs resulted in a significant necrosis, which was quantified by the release
of the cytoplasmic marker LDH in culture supernatants (Figure 4d–f, in gray). SR inhi-
bition significantly reduced LDH release under moderate toxicity conditions (25 µg/mL
CD), whereas its effect was negligible when CD-induced necrosis was high (50 µg/mL
CD). Fc block and Cli-095 had no or little effect on the necrosis marker, regardless of CD
concentration. Consistent with our previous studies [24], cationic polyamine-based CDs
induced a significant increase in IL-1β secretion by macrophages (Figure 4g–i, in gray).
This response was significantly attenuated by Poly-I and Poly-G under moderate toxicity
conditions (25 µg/mL), while Fc Block had no effect. Fucoidan and Cli-095 also reduced IL-
1β secretion, although not significantly. Under high toxicity (50 µg/mL), inhibition failed
to significantly counteract the CD-induced cytokine release. Taken together, these data
suggest that SRs, and to some extent TLR4, play a central role in CD-induced macrophage
toxicity, particularly under low-to-moderate toxic exposure conditions.

Figure 4. Cont.
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Figure 4. Involvement of surface receptors in CD toxicity. Cells pre-treated or not with recep-
tor inhibitors for 1 h were exposed or not to increasing concentrations (12 (a,d,g), 25 (b,e,h), and
50 (c,f,i) µg/mL) of cationic polyamine-based CDs for 4 h. (a–c) Cell viability as assessed with the
MTT assay. Results are expressed as the percentage of viability when compared to the control cells
(not pre-treated with inhibitors and not exposed to CDs). (d–f) Cell necrosis as assessed with the
LDH assay. Results are expressed in fold change in LDH release when compared to the control cells.
(g–i) IL-1β secretion in cell culture supernatants as assessed by ELISA. Results are means ± SEM
of n = 3–6 experiments. Statistical differences were determined by ANOVA followed by the Sidak’s
test. # p < 0.05, ## p < 0.01, and ### p < 0.001 when compared to control cells (white bar). * p < 0.05,
** p < 0.01, and *** p < 0.001 when compared to the cells exposed to CDs without inhibitor pre-
treatment (gray bar).

Given the cationic nature of the CDs investigated herein, a strong involvement of TLR4
might have been expected in our study. Indeed, in the literature, TLR4 has been mainly
described as recognizing cationic NPs. For example, TLR4 was reported to bind cationic
liposomes [33,34] or peptide-gold NPs [35], leading to a pro-inflammatory response in
THP-1-derived macrophages [33]. In addition, an interaction between graphene NPs and
TLR4 has also been reported, leading to TLR4 signaling activation and subsequent oxidative
stress, TNF-α secretion, and necrosis in macrophages [48]. The authors assume that the
physicochemical properties of bending rigidity and stiffness of graphene would explain
the interaction between graphene NP and TLR4. Our data do not exclude an interaction
between cationic polyamine-based CDs and TLR4, but they indicate that it would remain
very limited. By contrast, in our study, we observed a major contribution of the SRs in
CD uptake and toxicity towards macrophages. In the literature, the class-A SRs were
reported to be involved in the recognition and uptake of different types of NPs, such as
silica [28,40,49], polystyrene [29], or gold [30,50] NPs or carbon nanotubes [31,51,52]. The
structural mechanisms by which SR-A recognize such a wide range of particles and trigger
their uptake remain an intriguing question. As SRs have the ability to bind polyanionic
biological particles (bacteria, cells undergoing apoptosis), it has been proposed that these
receptors may be involved in the recognition of negatively charged NPs [27]. By computer
modeling, it has been proposed that the recognition of anionic iron oxide NPs by SR-A1 and
SR-A2 receptors was mediated via the positively charged extracellular collagen-like domain
of these receptors [53]. The recognition of cationic NPs by SR-A could then be indirect
after the coating of the NPs by negatively charged serum proteins such as albumin [29].
To what extent serum proteins could be involved in the recognition of our cationic CDs
by SR-A will be studied and discussed later in this manuscript. Besides surface charge,
NP size could be a key determinant in NP recognition by SRs. Indeed, among silica NPs
with sizes between 10 nm and 1 µm, NPs of 50 nm exhibited a maximal ligand effect to
SR-A1 [40]. Pant et al. also investigated the role of NP size in their recognition by SR-A and
showed that dendritic polyglycerol NPs of 3, 5, and 10 nm in size, corresponding to the size
order of CDs, were recognized by SR-A [42]. Thus, the size of the CDs could be an element
favoring their recognition by the SR-A. In addition to NP uptake, SR-A has been reported
to be involved in the pro-inflammatory effects of NPs such as silica NPs [28,40]. Consistent
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with this, our data showed that blocking SRs reduced IL-1β secretion induced by cationic
polyamine-based CDs. So, taken together, our study demonstrated the involvement of
macrophage SRs in the uptake and toxicological effects of cationic polyamine-based CDs.

3.4. Implication of MERTK Signaling Pathway in CD Responses

Among the various SRs, SR-A1 emerged as a receptor of particular interest, as it is a
common target of all three SR inhibitors used in our study. Indeed, despite differences in
their inhibition profiles (Fucoidan predominantly interacts with SR-A1 and SR-B1; poly-I
with SR-A1 and MARCO; and poly-G with SR-A1, SR-B1, SR-B2, and MARCO), the three
compounds significantly inhibited uptake and cytotoxicity of cationic polyamine-based
CDs in macrophages. We therefore investigated the involvement of SR-A1 in the response
evoked by our CDs in macrophages by focusing on the MERTK signaling pathway. Indeed,
SR-A1 has no intracellular signaling pattern but forms complexes with MERTK, leading
to MERTK phosphorylation and inflammatory signaling pathway regulation [54,55]. We
evaluated the contribution of MERTK in the toxicological effects evoked by our cationic
polyamine-based CDs using UNC569, an inhibitor of the MERTK phosphorylation [56,57].
Cells were pre-treated or not for 1 h with UNC569 and then exposed or not to 25 µg/mL of
CDs for 4 h. As shown by Western blot, the MERTK protein was constitutively expressed
(Figure 5a) and phosphorylated (Figure 5b) in THP-1-activated macrophages. As expected,
cell treatment with the MERTK inhibitor UNC569 decreased MERTK phosphorylation
without affecting MERTK protein levels (Figure 5a,b). Notably, cell exposure to CDs
induced an increase in MERTK phosphorylation, and this process was reduced when cells
were pre-treated with UNC569, demonstrating activation of the MERTK signaling pathway
by cationic polyamine-based CDs (Figure 5a,b).

Figure 5. Expression (a) and phosphorylation (b) of MERTK in macrophages pre-treated or not with
a MERTK phosphorylation inhibitor (UNC569, 1 µM, 1 h) and exposed or not to cationic polyamine-
based CDs (25 µg/mL) for 4 h. Western blotting analysis was performed for MERTK, P-MERTK, and
β-actin (n = 3 biological replicates). Statistical differences were determined by ANOVA followed
by Sidak’s test. # p < 0.05 and ### p < 0.001 when compared to the cells not exposed to the inhibitor
and CDs (white bar). *** p < 0.001 when compared to the cells exposed to CDs without inhibitor
pre-treatment (gray bar).
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Moreover, inhibition of MERTK signaling dose-dependently reduced the loss of cell
viability (Figure 6a), the necrosis (Figure 6b), and the IL-1β secretion (Figure 6c) induced by
CDs. Thus, taken together, our data demonstrated that the uptake of cationic polyamine-
based CDs by macrophages depended on SR-A1 leading to activation of the MERTK
signaling pathway, which in turn triggered the inflammatory and cytotoxic effects of the
NPs. These findings are consistent with those of Nishijima et al., who reported a role for SR-
A1 and MERTK in the pro-inflammatory effects of silica NPs in macrophages [40]. However,
to the best of our knowledge, this is the first evidence demonstrating the involvement of
SR-A1 and MERTK not only in the effects of cationic polyamine-based CDs but also more
broadly in the effects of carbon-based NPs.

Figure 6. Implication of the MERTK signaling pathway in the responses evoked by cationic polyamine-
based CDs in macrophages. Cells were pre-treated or not with increasing concentrations of UNC5690
(0.25, 0.5, 1, and 5 µM) for 1 h and exposed or not to 25 µg/mL of CDs for 4 h. (a) Cell viability as
assessed with the MTT assay. Results are expressed as the percentage of viability when compared to
the control cells (cells not exposed to CDs and to UNC5690). (b) Cell necrosis as assessed with the
LDH assay. Results are expressed in fold change in LDH release when compared to the control cells.
(c) IL-1β secretion in cell culture supernatants as assessed by ELISA. Results are means ± SEM of
n = 3 experiments. Statistical differences were determined by ANOVA followed by the Sidak’s test.
# p < 0.05, and ### p < 0.001 when compared to control cells (white bar). * p < 0.05, ** p < 0.01, and
*** p < 0.001 when compared to the cells exposed to CDs without inhibitor pre-treatment (gray bar).

3.5. Role of Protein Corona in the Recognition of CDs by Macrophage Surface Receptors

A remaining question was whether the protein corona had a role in the recognition of
cationic polyamine-based CDs by macrophage surface receptors. To address this issue, we
assessed the uptake and toxicity of the NPs prepared and incubated with macrophages in
culture medium with or without serum. For the uptake study, THP-1-derived macrophages
were exposed to 25 µg/mL of CDs for 1 h, and cellular uptake of CDs was assessed
by monitoring CD-associated fluorescence by CLSM and FACS. As shown in Figure 7a,
CDs prepared and incubated with macrophages in serum-free medium were visible in
the cytoplasm of macrophages as blue spots by CLSM, similarly to CDs prepared and
incubated in serum-containing culture medium. As shown in Figure 7b, FACS analysis
indicated an increase in CD fluorescence signal in macrophages whether the cells were
exposed to CDs in the presence or absence of serum. Remarkably, the level of CD uptake
was greater when the cells were exposed to cationic polyamine-based CDs under serum-free
conditions. This observation is consistent with several studies that have reported that the
protein corona reduces cellular uptake of NPs [50,58], mainly because the protein corona
could reduce particle adhesion to the cell membrane [59]. The role of protein corona in the
recognition of cationic polyamine-based CDs by macrophage surface receptors was then
assessed by measuring CD uptake by FACS (Figure 7c). Cells were pre-treated for 1 h with
receptor inhibitors and then exposed to 25 µg/mL of CDs for 1 h, both protocol steps being
carried out with or without serum. While Fc and TLR4 receptor inhibitors induce no or
very little effects on CD uptake, the SR inhibitors (Fucoidan, Poly-I and Poly-G) decreased



Toxics 2025, 13, 731 14 of 19

it significantly. However, the inhibitory effects of Fucoidan (about 50%), Poly-I (about
10–20%), and Poly-G (about 20%) were not significantly different whether the experiment
was carried out with or without serum. Thus, in our study, Fc receptors appeared to
play little or no role in the recognition of cationic polyamine-based CDs. One possible
explanation is that the use of serum, which contains lower levels of immunoglobulins than
plasma, may have limited the opsonization of cationic polyamine-based CDs and thus
their interaction with Fc receptors. Consistent with this, Lunov et al. (2011) reported that
Fc receptors on THP-1-derived macrophages recognized polystyrene NPs only when the
particles were pre-coated with immunoglobulins [43]. In contrast, Mirshafiee et al. (2016)
showed that pre-coating silica NPs with globulins did not enhance uptake of the NPs by
RAW 264.7 macrophages, likely due to the presence of other serum proteins forming a
steric barrier that hindered immunoglobulin-mediated binding to Fc receptors [60]. These
observations highlight the complexity of Fc receptor involvement in NP recognition and
suggest that further investigations are warranted.

 
Figure 7. Involvement of surface receptors in CD uptake by macrophages in the presence or absence
of serum. Cells were exposed to 25 µg/mL of cationic polyamine-based CDs prepared and incubated
with cells in the presence or the absence of serum (or to culture medium alone with or without serum
for controls), and CD uptake was assessed by CLSM and FACS. In some experiments, cells were
pretreated with receptor inhibitors for 1 h before the addition of CDs. (a) CD uptake by cells exposed
to CDs for 1 h in the presence (left) or the absence (right) of serum, assessed by CLSM analysis.
Cell membranes are colored in green, and CDs appear in blue and are indicated by white arrows
(scale bar = 20 µm). (b) Quantification of CD uptake by FACS in cells exposed to CDs for 1 h in the
presence or the absence of serum. Results are expressed in fold change in fluorescence intensity when
compared to control cells and are means ± SEM of n = 3 experiments. Statistical differences were
determined by ANOVA followed by the Sidak’s test. ** p < 0.01 and *** p < 0.001 when compared to
the control cells. # p < 0.05 when compared to the cells exposed to CDs with serum. (c) Involvement of
surface receptors in CD uptake, as assessed by FACS. Cells were pre-treated with receptor inhibitors
for 1 h before addition of CDs (25 µg/mL). The experiment was carried out in the presence or absence
of serum at all steps, and internalization was measured at 1 h. Results were expressed as percent of
inhibition of CD uptake with or without serum and are means ± SEM of n = 3 experiments. Statistical
differences were determined by ANOVA followed by the Sidak’s test. *** p < 0.001 when compared
to CD uptake with or without serum (set at 100%, unrepresented in the figure).

The role of protein corona in the recognition of cationic polyamine-based CDs by
macrophage surface receptors was next examined by measuring changes in cell viability,
necrosis, and IL-1β secretion evoked by the NPs in the presence or absence of serum
(Figure 8). As before, cells were pre-treated or not for 1 h with the receptor inhibitors
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and then exposed to 25 µg/mL of CDs for 4 h. Likely related to their higher cell uptake
described above, cationic polyamine-based CDs induced greater loss of viability (Figure 8a),
LDH release (Figure 8b), and IL-1β secretion (Figure 8c) in the absence of serum compared
to the serum-containing condition. Nevertheless, the profiles of the effect of receptor
inhibitors were broadly similar whether the experiment was performed in the presence
or absence of serum. Indeed, there was no significant effect of Fc and TLR4 receptor
inhibitors on CD-induced loss of viability (Figure 8a), LDH release (Figure 8b), and IL-1β
secretion (Figure 8c), whether the experiments were conducted with or without serum.
Likewise, blocking SRs induced a restoration of cell viability, a decrease in LDH release,
and a reduction in IL-1β secretion in CD-exposed macrophages, whether the experiments
were conducted with or without serum.

Figure 8. Involvement of surface receptors in the cytotoxic effects of cationic polyamine-based CDs in
macrophages in the presence or absence of serum. Cells were pre-treated with receptor inhibitors for
1 h and exposed for 4 h to 25 µg/mL of CDs prepared and incubated with cells in the presence or the
absence of serum (or to culture medium alone with or without serum for controls). (a) Cell viability
as assessed with the MTT assay. Results are expressed as the percentage of viability when compared
to the controls (cells not exposed to CDs). (b) Cell necrosis as assessed with the LDH assay. Results
are expressed in fold change in LDH release when compared to the controls (cells not exposed to
CDs). (c) IL-1β secretion in cell culture supernatants as assessed by ELISA. Results are means ± SEM
of n = 4 experiments. Statistical differences were determined by ANOVA followed by the Sidak’s test.
## p < 0.01, and ### p < 0.001 when compared to the cells not exposed to CDs (white bar for control with
serum and white striped bar for control without serum). * p < 0.05, ** p < 0.01 and *** p < 0.001 when
compared to the cells exposed to CDs without inhibitor pre-treatment in the presence of serum (gray
bar). $ p < 0.05, $$ p < 0.01, and $$$ p < 0.001 when compared to the cells exposed to CDs without
inhibitor pre-treatment in the absence of serum (gray striped bar).

Taken together, our data highlighted a cellular recognition of cationic polyamine-
based CDs by macrophage SRs in the absence of protein corona, which suggests a direct
interaction between these NPs and SRs. Consistent with our data, Orr et al. also reported a
cellular recognition of silica NPs by macrophage SR-A in serum-free culture conditions [28].
Similarly, Shannahan et al. showed that pre-treatment with an SR inhibitor decreased
uptake of silver NPs with or without protein corona and reduced both cytotoxicity and
the pro-inflammatory response evoked by these NPs [58]. Besides, it was reported that the
interactions between SRs and gold NPs were reduced when the NPs were coated with serum
proteins, whereas they were facilitated in the absence of serum proteins [50]. However,
other studies have shown that some serum proteins, such as apolipoprotein APOA1 [61] or
fetuin [62], would be involved in the interaction between SRs and graphene or polystyrene
NPs, respectively. Undoubtedly, the involvement of protein corona in the biological effects
of NPs, including their recognition mechanisms by macrophage surface receptors, is a very
complex issue. Among the multiple parameters that will play a role, the physicochemical
characteristics of the particles strongly influence the composition of the protein corona.
With regard to CDs, our earlier studies demonstrated that the composition of the protein
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corona is strongly modulated by the surface charge of CDs, which in turn influences
their cellular uptake and associated cytotoxicity in macrophages [38]. Specifically, cationic
polyamine-based CDs with a ζ-potential above +30 mV and a surface charge density greater
than 2 µmol/mg, which correspond to the CDs studied in the present work, were found to
acquire a corona enriched in proteins such as vitronectin, fibulin, adiponectin, and alpha-
glycoprotein. In contrast, CDs with a lower ζ-potential (+11 mV) and a reduced charge
density (0.01 µmol/mg) exhibited a corona characterized by a distinct signature, notably
abundant in apolipoproteins (APOA1, APOB, and APOC), albumin, and hemoglobin. It
would therefore be interesting to further extend the present study to CDs with varied
physicochemical characteristics in relation to their protein corona signature.

4. Conclusions
This study provides novel insights into the mechanisms underlying the recognition

and biological effects of carbon-based NPs in macrophages. Our findings demonstrate
the central role of SRs, in particular SR-A1, in macrophage uptake and toxicity of cationic
polyamine-based CDs. Additionally, we identified the involvement of the MERTK signaling
pathway in mediating cellular effects of these CDs, marking the first evidence of such
interactions for carbon-based NPs. The protein corona appeared to have a limited impact on
SR-mediated recognition of cationic polyamine-based CDs, suggesting a direct interaction
between these CDs and the SRs. These results pave the way for future studies exploring
how CDs might interact with the immune system. Such findings are essential for advancing
the rational design of safer and more efficient NP-based therapeutic platforms.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/toxics13090731/s1, Figure S1: Dose- and time-dependent cytotoxicity of
the CDs in macrophages; Figure S2: Cytotoxicity of the pharmacological inhibitors in macrophages.
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