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Introduction

Nanoparticles (NPs) exhibit unique properties due to their small size (below 100 nm) and are therefore developed for a wide variety of applications in various fields, including bioimaging and drug delivery. 1,2 In the last decade, carbon-based NPs called carbon dots (CDs) have emerged as especially attractive nanomaterials for biomedical applications. [3][4][5] CDs are spherical NPs of very small size (less than 10 nm) that exhibit high water solubility, chemical stability, intrinsic fluorescence and resistance to photobleaching. They can be easily synthesized by top-down or bottom-up approaches. 6,7 In the most popular bottom-up methods, CDs are synthesized through the carbonization of organic material (citric acid, glucose, food waste…) in the presence of catalysts and/or passivation reagents. Due to the high density of nitrogen-and oxygencontaining functional groups at their surface, the obtained CDs can be easily chemically functionalized, allowing some tuning of their physicochemical and optical properties or anchoring of various molecules of interest, e.g., for triggering specific recognition by receptors or for improving circulation half-life time in biological fluids. [8][9][10] Most CDs are passivated with nitrogen-containing reagents, which may result in significant cationic charge density at their surface thus making these NPs potent gene delivery platforms. 11,12 Obviously, CDs with both photoluminescent and drug delivery properties are promising candidates for theranostic applications, particularly in the field of cancer. 13,14 Nevertheless, full and safe exploitation of the great potential of CDs in nanomedicine definitely goes first through a better understanding of their interactions with biological systems.

In contact with biological fluids (blood, intestinal or respiratory tract fluid), NPs are rapidly covered with biomolecules, mainly proteins, forming the so-called protein corona. 15,16 The protein corona alters NP surface and gives NPs a new biological identity, described as "what the cells see". 17 Indeed, identity and properties of proteins that compose the corona play a role in the recognition of NPs by the cells, their biodistribution and, therefore, their biological effects. [18][19][20][21][22] Consequently, understanding formation of the protein corona on NPs and characterizing its composition are major challenges for successful development of nanomedicine. [23][24][25] This task is especially challenging as many factors influence the protein corona formation, in particular the physicochemical properties of NPs, 26,27 such as chemical composition, 28 size, 29,30 morphology, 31 hydrophobicity, 32 chirality, and surface charge. The latter has been extensively studied and there is broad consensus in the literature on the importance of electrostatic forces in protein corona formation, with positively charged NPs consistently attracting higher quantities of proteins than negatively charged ones, as reported for a range of nanomaterials such as polymeric, 33 inorganic, 34 gold, or lipidbased 35 NPs. As well, particles with low surface charge, as determined by the ζ-potential value, tend to adsorb less proteins than strongly charged particles. 27 However, NP surface chemistry also influences protein corona formation. Indeed, it has been reported that type (primary, secondary or tertiary), location, and density of amino groups on the surface of gold NPs are predominant factors in the protein corona formation, which has a subsequent impact on NP cellular uptake. 36 Thus, understanding the synergy between the synthetic and the biological identities of NPs appears to be a necessary condition to achieve their rational design for biological applications.

To date, very few studies investigated the protein corona formed on the surface of CDs and its biological consequences. In the field of food toxicology, Song et al. reported that CDs from roast salmon can form a corona with human serum albumin. 37 The resulting corona mitigated the cytotoxicity of CDs and decreased disturbances in energy, glucose and lipid metabolism in a rat kidney cell model. 37 In another study, the same group found that the toxicity and mitochondrial damages induced by roast-beef derived CDs decreased upon the formation of corona with albumin. 38 In nanomedicine, Peng et al. demonstrated by proteomic analysis that lipid-mimicking chlorophyll-based CDs can adsorb apolipoproteins when placed into mouse serum. 39 This corona enhances CD uptake by breast cancer cells and thus could be used for tumor-targeting delivery. However, to the best of our knowledge, the relationship between physicochemical properties of CDs and protein corona formation, and how this influences the biological effects of CDs, has not been investigated in the literature yet. It is therefore now essential to understand the extent to which the protein corona formed on the surface of CDs with different charge properties may contribute to their biological responses, in order to fully exploit their therapeutic potential.

In this context, herein we provide a detailed characterization of the protein corona formed on cationic CDs and analyzed how this corona may influence CD biological effects. We focused on polyamine surface-passivated cationic CDs, which are one type of CDs currently developed for gene delivery and theranostic applications. 40 Although these CDs are less toxic than the gold standard delivery reagent used for DNA transfection, namely bPEI25k, 12 some studies pointed out possible safety concerns with cationic CDs. 41,42 Indeed, our team found that the surface charge strongly impacts the CD toxicity, even if a cationic charge does not systematically confer toxicity to CDs. 43 In an original way, we demonstrated that the surface charge density of a cationic CD is more predictive of its toxicity than the absolute value of its ζ-potential. 44 Thus, in the present work, four cationic CDs with various amino-groups at their surface, resulting in different ζ-potential and surface charge density values were investigated. These NPs were produced from citric acid in the presence of various amine-containing passivation reagents, namely high molecular weight branched poly(ethylenimine) (MW = 25 kDa, bPEI25k), low molecular weight branched poly(ethylenimine) (MW = 600 Da, bPEI600), pentaethylene hexamine (PEHA), and N,N-dimethylethylene diamine (DMEDA). The protein corona formed around these NPs when in contact with fetal bovine serum (FBS) was characterized, proteins were identified and quantified by labelfree MS-based quantitative proteomics, and biological functions of the identified proteins were analyzed with regards to cell uptake and viability in a human model of macrophages. This type of cells was selected because it is one of the main NP target cells in the body (Nakayama et al., 2018). Indeed, macrophages, which are a major class of phagocytic innate immune cells, can recognize and internalize foreign elements, including NPs, and potentially trigger an immunological response (Laskin et al., 2011; Nakayama et al., 2018). As a consequence, macrophages play a key role in lifetime of NPs in the body and in their nanosafety. This work was performed on THP-1 monocyte cell line differentiated into macrophage-like cells by phorbol 12-myristate 13-acetate (PMA), which represents a suitable model for studying macrophage functions in vitro (Chanput et al., 2014).

Results and Discussion

Design and Physicochemical Characterization of CDs

The CDs investigated herein were engineered so as to be cationic, their synthesis involving various oligo(ethyleneimine)based passivation reagents. Their surface charge (ζ-potential) and charge density (electrokinetic charge, Qek) were tuned by using passivation reagents containing a decreasing number of amino groups per molecule (n): bPEI25k (n ≈ 550; CD1) > bPEI600 (n ≈ 14; CD2) > PEHA (n = 6; CD3) > DMEDA (n = 2; CD4) (Table 1). The ζ-potential of the CDs, at pH 7.4, was found as follows: +37.3 ± 5.2 mV (CD1), +31.8 ± 1.1 mV (CD2), +29.2 ± 2.2 mV (CD3) and +11.1 ± 2.2 mV (CD4). Though it decreased with the passivation reagent oligomerization state, it was not proportional to the latter. This may be a result of the differences in the activation process during the synthesis of the CDs (temperature, reaction time, concentration of the reagents…), that may lead 1-to the passivation reagent degradation to a variable extent, e.g., through cleavage or deoligomerization of the oligo(ethyleneimine) chains, and 2-to some difference in the incorporation ratio of the passivation reagent at the surface of the CDs. The surface charge density of the CDs as determined by polyelectrolyte titration ranged from 0.01 µmol/mg for CD4 to 4.70 µmol/mg for CD2. A higher oligomerization state of the passivation reagent also did not systematically translate into higher Qek, as was observed for CD1. Again, this may be related to differences in the experimental conditions leading to the formation of the various CDs. The size of the CDs was close to each other, with a mean hydrodynamic diameter, as determined by DLS, between 10.2 and 17.1 nm. As DLS methods overestimate the NP size due to the solvation molecules, the CDs were likely to be close to or slightly smaller than 10 nm in diameter, which is in line with the size range generally described for CDs in the literature (Truskewycz et al., 2022). The NPs showed the classical UV-vis absorption pattern of CDs, i.e., a monotonous and decreasing absorption between 250 and 800 nm with a peak at 350 nm. Noteworthy, CD1 and CD4 only displayed the monotonous and decreasing absorption between 250 and 800 nm, with no other detectable peak. This was consistent with the full carbonization of the intermediate citric acid-derived fluorophores with blue emission that form at the beginning of the pyrolysis process, like imidazo[1,2-a]pyridine-7-carboxylic acid (IPCA) and derivatives. 45,46 These compounds do not resist high temperature (> 170°C). The fluorescence excitation and emission spectra were similar for the four CDs, with a maximum excitation and emission wavelength at ca. 350 and 460 nm, respectively. Fluorescence quantum yields (F) were found rather similar for CD2, CD3, and CD4 (12.4, 9.8, and 16.5%, resp.), while CD1 displayed a lower value (1.4%). Many factors can influence the F of CDs, such as the reaction conditions used for their synthesis (i.e., starting material, solvent, concentration, activation mode, reaction temperature and time…)[Garcia-Millan et al Nanoscale DOI: 10.1039/d2nr01306a]. But this remains a difficult point to investigate as the exact origin of the CD fluorescence is not fully elucidated and still is the subject of intense debate (Ehrat et al., 2017). The spectroscopic properties of the CDs used in this work are provided as supporting Information (Fig. S1). Thanks to their intrinsic photoluminescence properties, it is possible to follow the cellular uptake of these CDs without the need for conjugation to an additional fluorescent dye (vide infra). 

Physicochemical Properties of CD Corona Proteins

Quantitative label-free proteomic analysis was used to identify and quantify proteins adsorbed at the surface of the 4 engineered CDs. About five hundred proteins were identified on each type of CDs, with 539, 456, 575, and 465 proteins for CD1, CD2, CD3, and CD4, respectively. This number of proteins is in line with previous studies which reported that NP protein corona is generally composed of hundreds of proteins. [47][48][49] We classified the proteins of CD corona according to their intrinsic physicochemical properties, namely molecular weight (MW), isoelectric point (pI) and Grand Average of Hydropathy (GRAVY) index, which is used to represent the hydrophobicity of the proteins. As shown in Fig. 1a, the distribution of protein MW was broadly homogeneous between the 4 CDs, with more than 80% of the proteins having a MW less than 120 kDa. This is in accordance with previous studies which also reported a high proportion of proteins < 120 kDa in the corona of carbon, 49,50 lipid, 48,51 polystyrene, 30 or gold NPs. 52 Worth to note, the corona of CD4, which exhibits the lowest surface charge and charge density, contained slightly more small proteins (10-30 kDa) compared to the three other CDs. The pI analysis (Fig. 1b) showed that whatever the CDs, more than 75% of the corona proteins exhibited a negative net charge at pH 7.4 (i.e., pI < 7)

and proteins with a pI between 5 and 6 were the most represented. Interestingly, CD4 corona contained about 25% more proteins with a positive net charge at pH 7.4 (i.e., pI > 7). These results do support the hypothesis that proteins bind to CDs thanks to electrostatic interactions, and are in agreement with the data obtained with other types of NPs. 28,48,49,52 According to GRAVY index analysis (Fig. 1c), the hydrophilic or hydrophobic character of the proteins was fairly similar between the 4 CDs, with a mean GRAVY index of -0.37, -0.34, -0.36, and -0.31, for CD1, CD2, CD3, and CD4, respectively. In line with some previous studies, these negative GRAVY scores indicate that the CD corona proteins are rather hydrophilic. 28,49,51 This is not surprising since serum proteins are relatively hydrophilic. But remarkably, almost 10% of the proteins bound to CD4 had a positive GRAVY index score, which evidences a preference of CD4 to bind hydrophobic proteins compared to other CDs. As recently reported for carbon nanotubes, 53 this result indicates that hydrophobic interactions are also implicated in the formation of the protein corona on CDs, especially when CDs have a low surface charge. Thus, for the first time, thanks to proteomic analysis, we were able to characterize the physicochemical properties of proteins that compose CD corona and we showed that these physicochemical
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properties are comparable to the one described for other types of NPs, in particular other carbon NPs. 49,50,53 Our data point to the role of electrostatic and, to a lesser extent, hydrophobic interactions in the formation of CD corona and suggest that the surface charge of CDs could have an impact on the corona protein composition. 

Biological Functions of CD Corona Proteins

Before analyzing the biological functions of the proteins found in the corona, a Venn diagram was used to represent the common and specific proteins identified at the surface of the four CDs (Fig. 2). We found that 218 proteins (i.e., about 25% of the total proteins) do bind to all CDs. Furthermore, we established that 111 proteins were shared by CD1, CD2 and CD3, corresponding to 13% of the total proteins, whereas CD3 and CD4 had the highest number of specific proteins (115 and 110, respectively). We then employed bioinformatic tools such as DAVID or Panther systems to classify the proteins according to their molecular function, as well as their involvement in biological processes and KEGG pathway. We first focused on the proteins common to the four CDs (Fig. 3). The protein classification based on their molecular function (Fig. 3a) revealed that most of the proteins common to the four CDs are involved in binding or catalytic activity functions. Proteins with binding function are the most represented with notably proteins involved in enzyme binding. This result may be of importance as it has been reported that interaction of NPs with enzymes can result in enzyme activation or inactivation in the cellular environment. 54 Proteins with catalytic functions are mainly involved in the regulation of hydrolase, oxidoreductase, transferase or lyase activities, or carry out these activities directly. As shown in Fig. 3b, the proteins common to the four CDs are associated with a wide variety of biological processes, including cellular response such as response to stress, response to chemicals, defense response, and inflammatory or adaptative immune responses. A large number of proteins are also involved in the transport processes, including lipid transport, endosomal transport or lysosomal transport, as also described for carbon nanotubes. 53 Besides, most proteins belonging to the KEGG pathway are involved in complement and coagulation cascade activation (Fig. 3c), in line with what has been previously observed for other types of NPs. 28,30,52,53 While binding of complement factors at the surface of NPs has been reported to promote NP phagocytosis by immune cells, 52 no study focused so far on CDs. This point will be discussed below. Next, we focused on the biological function of the proteins specific to each CD or to some CD subsets (Fig. 2). While no particular category of biological functions was found for proteins specific to CD1 or CD2, proteins specific to CD3 or CD4 corona are involved in several biological functions, such as gene expression, vesicle cytoskeletal trafficking, or protein localization to lysosome for CD3, and autophagy, metabolic pathway, or carbon metabolism for CD4. CD1 and CD2 shared proteins involved in clathrin-coated vesicles or secretory vesicles, endoplasmic reticulum, cellular or cell redox homeostasis. Unlike CD4, CD1, CD2 and CD3 shared a high number of proteins which are linked to proteasome, Golgi apparatus, lysosome, PI3k-Akt signaling pathway, NF-kB or apoptosis. This is particularly interesting as these 3 CDs are the closest in terms of surface charge properties (ζ-potential between +29.2 and +37.3 mV and surface charge density between 2.30 and 4.70 µmol/mg). Thus, we demonstrated that 25% of the corona proteins are common to the four CDs. These proteins are associated with a wide variety of biological functions, including binding function, catalytic activity, cellular response and complement pathway activation, suggesting that protein corona could contribute to the biological effects of CDs.

Besides, we showed that the four CDs have specific proteins in their corona. This difference in corona composition is presumably due to the difference in surface charge properties among the four CDs, and it may play an important role in the NP cellular fate and safety. Therefore, we next assessed CD cellular uptake and toxicity in a human model of macrophages cultured in presence of FBS, and then analyzed the link between the responses evoked by the NPs, their surface charge properties and the composition of the protein corona formed around the NPs when incubated with FBS.

Cellular Uptake and Toxicity of the Four CDs in Human Macrophages

To assess internalization of the CDs by macrophages (THP-1derived macrophages cultured in medium containing 10% serum), the cells were exposed to non-cytotoxic concentration (25 µg/mL) of the NPs for 4 h and NP uptake was determined by monitoring CD-associated fluorescence of cells by fluorescence activated cell sorting (FACS) and confocal laser scanning microscopy (CLSM). As shown in Fig. 4a, an increase in cell fluorescence was measured to various extents in the cells treated with the 4 CDs, as assessed by FACS. Indeed, among the 4 CDs, CD2 which exhibits ζ-potential higher than +30 mV and the highest charge density (Qek = 4.70 µmol/mg) gave the greatest fluorescence increase, while CD4 which exhibits the lowest ζ-potential (+11.1 mV) and charge density (0.01 µmol/mg) resulted in the lowest. CD1 and CD3, with a ζpotential around +30 mV and medium charge densities (2.30 and 3.25 µmol/mg, respectively), translated into moderate fluorescence intensity. These results were confirmed by macrophage observation by CLSM (Fig. 4b). Indeed, a high intensity and punctuated fluorescence signal (blue spots) was observed in the cytoplasm of cells (membrane labeled in green) exposed to CD2, while a mild to moderate signal was observed in cells exposed to CD1, CD3 and CD4. As CD1 exhibited a lower fluorescence QY than other CDs, it is possible that its cellular uptake was underestimated, which will be taken into account in subsequent analyses. Anyway, based on CD2, CD3 and CD4 data, and in line with our previous studies, 43,44 we showed that not all cationic CDs are potently internalized by human macrophages, and that not only the ζ-potential but also the surface charge density influence cellular uptake of the NPs. To assess cytotoxicity of the CDs toward macrophages, the cells were exposed to increasing concentrations of CD1 to CD4 (3 to 200 µg/mL, 10% serum) for 24 h, and their viability was determined by measuring cell mitochondrial activity using the MTT assay (Fig. 5). The 4 CDs exhibited various toxicity profiles. CD1 and CD2 induced a dose-dependent loss in cell viability that reached nearly 100% at the concentration of 200 µg/mL, with a lower IC50 value for CD2 compared to CD1 (19 µg/mL and 141 µg/mL, respectively). CD3 triggered some toxicity at 200 µg/mL with viability loss not exceeding 30%, whereas CD4 did not affect macrophage viability. Thus, in agreement with our previous data, 44 we showed that CD2 which exhibited ζpotential higher than +30 mV and the highest charge density was the most cytotoxic, while CD4 which exhibited the lowest ζpotential and charge density was the least cytotoxic, and CD1 and CD3 exhibited a medium toxicity. 

Potential Role of Protein Corona in CD Cell Uptake

In order to understand to what extent the protein corona formed around CDs in the presence of serum could drive the cellular uptake of the NPs, we analyzed the top 50 most abundant proteins in the NP corona (Table S1, Supporting Information). Using the riBAQ approach, corona proteins were ranked from most to least abundant for each CD. In the literature, in-depth proteomic analyses often focus on the top 10 or 20 proteins. [55][56][57] As this is here the first ever proteomic study carried out on CDs, we have chosen to conduct the analysis on the top 50 proteins. This is a more time-consuming and complex analysis to carry out, but it provides a more complete picture to analyze the protein corona in detail. The proteins ranked at rank 1 had a riBAQ of 0.08 to 0.14 according to CDs, which corresponds to a relative contribution of these proteins within the corona of 8 to 16%, whereas the proteins ranked at rank 50 had a riBAQ around 0.001, i.e., these proteins constituted about 0.1% of the protein corona. The composition and the contribution of the top 50 most abundant proteins of the corona of each CD are illustrated in Fig. 6. Eleven proteins were shared by CD1, CD2, and CD3, corresponding to about 20% of the top 50 proteins, whereas CD4 had the highest number of specific proteins (20 proteins). Notably, we identified proteins involved in the regulation of phagocytosis (AHSG, ADIPOQ) and of the phagosome (TUBB, TUBA4A, TUBB1, IGHM, THBS4, C1R) in the corona formed around CD1, CD2 and CD3, but not in that of CD4. Data on the 50 most abundant proteins in the CD corona were also used to construct a heatmap (Fig. 7). This heatmap illustrates that the corona exhibited distinct proteomic profiles with different protein composition and abundance according to CDs. The column dendrogram shows that CD1 and CD2 are the closest CDs in terms of protein signature, followed by CD3, whereas CD4 is clearly distant from the three others CDs. Indeed, the proteins that were predominant (in red) in the CD4 corona were the least abundant or absent in the three others CDs. These proteins included apolipoproteins (APOD, APOE, APOB, APOC2, APOA1), albumin and hemoglobin which have been described to negatively correlate with the internalization of NPs. 55,58,59 To identify the key corona proteins that could potentially contribute to CD cell uptake, we first determined the correlation between abundance of each top 50 protein in the corona and CD macrophage uptake (as assessed quantitatively by FACS, Fig. 4a), using a Pearson correlation analysis (Fig. 8a). The analysis was based on the uptake data of the 4 CDs. However, as the CD1 uptake may have been underestimated, the analysis was also performed using CD2, CD3 and CD4 uptake data, which gave consistent results (Table S2, Supporting Information). In agreement with our heatmap data, a negative correlation was found between albumin, hemoglobin (i.e., HBA) or some apolipoproteins (i.e., APOB) and the uptake of CDs by macrophages (Fig. 8b). Even if albumin is the most abundant protein in the blood and is therefore frequently identified in NP corona, 60 it was not the highest abundant protein detected in the corona for any CDs investigated herein. Besides, in line with our data, a protein corona particularly enriched in dysopsonins, including albumin, could lead to a decrease in uptake by macrophages, as it has been shown for carbon nanotubes 61 or silica NPs. 59 Regarding apolipoproteins, it was suggested that their amount in the corona of silica NPs could limit phagocytosis of the latter through competitive surface binding with opsonins. 55 However, this effect could depend on the type of apolipoprotein and NPs, since it has been reported that polystyrene NPs precoated with the apolipoproteins APOA4 or APOC3 exhibited a significant decreased cellular uptake, whereas NPs precoated with APOH displayed increased uptake. 58 Recently, it was also demonstrated that APOA1, an abundant protein in graphene NP corona, could promote the internalization of these NPs via scavenger receptor B1, 62 while pre-adsorption of gold and graphene NPs with APOE led to extended blood circulation of the NPs. 63 In our case, the presence of APOB, APOC2 and APOA1 on the surface of CDs could lead to a decrease in CD recognition by macrophages and thus potentially increase their blood circulation time.
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Among analyzed proteins, 18 proteins were positively correlated with CD uptake, with ADIPOQ (adiponectin) and FBLN1 (fibulin) as those exhibiting the highest correlation (Fig. 8c). Recently, it was observed that ADIPOQ is one of the most abundant proteins in the corona of positive carbon NPs (hydrogenated nanodiamonds, +60 mV). 49 Although the link between ADIPOQ and NP cell internalization is not highly supported in the literature, it has been proposed that adiponectin-coated NPs exhibit enhanced macrophage targeting in atherosclerotic lesions. 64 On its hand, FBLN1 was found in the corona of gold 65 and silica 59 NPs that were widely internalized by epithelial cells and macrophages. Qin et al. hypothesized that, as fibulin plays a role in cell adhesion and migration, its adsorption on the NP surface could indicate that the extracellular matrix-mediated interaction is one of the important triggers for NP uptake. 65 We also found that C4BPA, a complement protein, correlated with CD cell uptake. In the literature, complement proteins were identified as key proteins constituting NP corona, and correlating with enhanced NP uptake by immune cells by promoting opsonization. 55 In line with us, a study in particular has shown that complement protein C4BPA is abundant in the corona formed around cationic gold NPs leading to uptake of the NPs by macrophages. 52 According to our data, AHSG (alpha 2-HS glycoprotein) and FETUB (fetuin) correlated also with CD cell uptake. In the literature, fetuin and alpha 2-HS glycoprotein were reported to enhance phagocytosis and macropinocytosis of labelled dextran by macrophages. 66 In particular, fetuin was shown to mediate internalization of polystyrene NPs by Kupffer cells (liver macrophages) via scavenger receptor. 67 We can also underline the positive correlation between CD uptake and ACTC1 (actin) found in the present study, because it has been shown that actin plays a crucial role in the phagocytosis of quartz particles in macrophages. 68 In addition, the correlation with TTR (transthyretin) can be highlighted as TTR is a transport protein that interacts with receptor-associated proteins in the liver and has been found to associate with silica NPs. 69 Taken together, our data establish for the first time a link between several proteins constituting the protein corona of CDs and internalization levels of the NPs by macrophages. In particular, we identified some proteins negatively (albumin, apolipoproteins, hemoglobin) or positively (complement, fibulin, fetuin, alpha-glycoprotein) associated with CD uptake. In order to determine the involvement of each of these proteins in the mechanisms of CD recognition and uptake, for example, future studies could focus more precisely on the effect of each protein, by performing CD coating studies with one protein at a time. 

Role of the CD Surface Charge on the Corona Composition and CD Cell Uptake

As we showed a correlation between some corona proteins and the cellular uptake of CDs, we further investigated the role of CD surface charge in this behavior. By using a multivariate approach based on principal component analysis (PCA), 28,70 we studied association of CD protein corona composition (50 top proteins) with multiple CD variables, including ζ-potential, surface charge density and cellular uptake (Fig. 9). This analysis revealed a positive (right of the diagram, positive value on the F1-axis) or negative (left of the diagram, negative value on the F1-axis) correlation between the variables. Variables that are correlated with each other are grouped together. Thus, some proteins, including ITIH3, rather correlated with the ζ-potential of CDs (in orange), while others, including VTN, correlated with both ζ-potential and surface charge density (in blue). Indeed, ITIH3 was little abundant (rank 43) on the surface of CDs with the lowest ζ-potential (CD4, +11.1 mV), whereas it was the most abundant on the CDs with the highest ζ-potential (CD1, +37.3 mV). As ITIH3 acts as a hyaluronan transporter or as a binding protein with other matrix proteins, this protein can promote the interaction of NPs with the cell surface. 71,72 Using quantitative structure-activity relationship (QSAR) based on gold NP protein corona dataset, it was also reported that ITIH3 was one of the 11 best descriptors of NP-cell association along with ζ-potential. 73 In agreement with our data on VTN (vitronectin), it was shown that this protein was among the most abundant in the corona of cationic liposomes and PEIcoated gold NPs. 21 Introducing positive charges into lipids NPs resulted in shifting of the NP corona from an apolipoprotein-to a vitronectin-enriched corona. 74 Moreover, optimized cationic lipid NPs so that they preferentially recruit vitronectin in their corona led to enhanced gene delivery into tumor cells via the ανβ3 integrin receptor. 75 In these studies, the parameter used to characterize the NP charge and establish a link between NP -1.0 -0.5 0.0 0.5 1.0 Remarkably, in our study, we also found a correlation between NP surface charge density and proteins involved in cell internalization. Some proteins are common with those in the ζ potential-based correlation (in pink), such as ACTC1, ADIPOQ, TTR, and FBLN1 which we discussed above. But other proteins specifically correlate with NP surface charge densities, such as C4PBA and FETUB (in green). Thus, the density of positive charges due to amino groups displayed on the surface of CDs may be an important factor in the formation of the protein corona and subsequent CD cell uptake. In line with us, in a study conducted on polymer NPs, it was proposed that amine density and type of amine (primary, secondary or tertiary) are both important parameters in the corona formation and NP cellular association. 36 It has been also recently proposed that the interaction between some model proteins (albumin, lysozyme) and nanodiamond surface becomes stronger as the functional group density (amino-or carboxyl-groups) increases. 76 Our multivariate approach also revealed a negative correlation between ζ-potential, surface charge density and cell uptake of CDs (Fig. 9, on the left part of the graph, in pink) and some proteins including apolipoproteins (APOA1, APOB, APOC2), albumin and hemoglobin. Thus, this confirms that modulating the ζ-potential but also the density of positive charges at the surface of CDs, has an impact on proteins constituting the CD corona and CD cellular uptake. 

Potential Role of Corona Proteins in CD Cytotoxicity

At last, to determine whether the protein corona formed around CDs in the presence of serum could drive the cytotoxicity of the NPs and identify key proteins in this phenomenon, we determined, in the same way as for the CD cell uptake, the correlation between abundance of each top 50 protein in the corona (Table S1, Supporting Information) and the cytotoxicity of CDs using a Pearson correlation analysis (Fig. S2, Supporting Information). To do so, a toxicity marker was chosen as the loss of viability induced by 125 µg/mL CDs, from viability curves described in Fig. 5. We identified some proteins negatively (in blue) and positively (in red) associated with CD cytotoxicity (Fig. S2, Supporting Information). Remarkably, most of these proteins were also associated with the CD uptake, such as APOA1, APOB, APOC2, ALB and HBA (negative correlation) or VTN, TTR, FBLN1, FETUB, ITIH3 and ADIPOQ (positive correlation) (Fig. S2, Supporting Information). This observation was confirmed by analyzing the relationship between CD uptake and macrophage viability loss depending on each top 50 protein present in the NP corona (Fig. 10). The analysis was based on the uptake data of the 4 CDs. Another analysis performed using CD2, CD3 and CD4 uptake data gave consistent results (Fig. S3, Supporting Information). Thus, a direct correlation was 
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observed between the uptake of CDs and their toxicity profile, as it is often described for NPs. 77 We also showed that CD uptake and cytotoxicity were influenced by the CD protein corona, which in turn depends on the ζ-potential and surface charge density of the CDs. 

Conclusion

To the best of our knowledge, our study is the first proteomic analysis of the protein corona of CDs conducted in the literature. Our data showed that the physicochemical properties as well as the biological functions of the proteins constituting the corona formed around cationic CDs depend on the charge characteristics of the NPs. In particular, we demonstrated a role for the ζ-potential but also for the surface charge density. Moreover, we established a link between several proteins present in the CD protein corona and the uptake and cytotoxicity of the NPs. Thus, modulating the ζpotential but also the density of positive charges at the surface of CDs has an impact on the composition of CD protein corona, which in turns drive the CD cellular uptake and toxicity. These data provide useful information for developing safe CDs for biomedical applications, and illustrate the potential contribution of corona study in the understanding of mechanisms of cellular fate and toxicity of NPs.

Experimental

Synthesis of CDs

The NPs were prepared according to various procedures under solvent-free (CD1) or solvothermal conditions, at atmospheric (CD2 and CD3) or hyperbaric pressure (CD4) as detailed below.

CD1. A mixture of bPEI25k (16.00 g) and citric acid (4.00 g) was heated in a single-neck round bottom flask at 180°C for 30 min, then at 230°C for 30 min (with evacuation of volatile substances, i.e., no coolant installed on the flask). The mixture was then cooled to 50-60°C and pH was adjusted to 1-2 by addition of HCl (12 N, ca. 30 mL). The resulting solution was dialyzed (MWCO 14,000 Da) against HCl (0.1 N, 12 h) and ultra-pure water (96 h). The dialysis bag content was filtered over a 0.22 µm polyethersulfone (PES) membrane (Millex) and the filtrate was freeze-dried to provide hygroscopic yellow-brown powder (0.68 g). CD2 and CD3. Citric acid (2.00 g), bPEI600 (8.00 g), and H2O (50 mL) were mixed in a beaker, and heated at 160-170°C for 4 h, 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. At the end of the process, the sticky orange residue was dissolved in HCl (0.1 N), and loaded into a dialysis bag (MWCO 1000 Da) for equilibration against HCl (0.1 N, 24 h) and ultra-pure water (24 h). The dialysate was filtered through a 0.22 µm PES membrane and freeze-dried to yield 1.63 g of CD2 as an orange hygroscopic powder. CD3 (1.41 g) was obtained similarly as a light brown hygroscopic powder, except that bPEI600 was replaced by PEHA (8.00 g). CD4. Citric acid (4.00 g), DMEDA (16.00 g), and water (10 mL) were mixed to homogeneity, introduced into a Teflon ® -lined stainless-steel reactor, and heated at 210°C for 72 h. The resulting solution was cooled to room temperature (RT), transferred into a dialysis bag and treated as above to yield 1.11 g of a light brown hygroscopic powder.

Characterization of CDs

All measurements were performed on fresh CD samples (1.0 mg/mL in 1.5 mM NaCl pH 7.4). The hydrodynamic diameter of CDs was measured by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments, France) and calculated from the number distribution graph. The ζ-potential was measured by DLS as well, and calculated with the Smoluchowski's equation. The surface charge density of CDs was determined by polyelectrolyte titration as previously described. 44 In brief, ζ-potential variations in the sample were monitored along spiking with a solution of poly(acrylic acid) (PAA, MW ± 1,800 Da, NaCl 1.5 mM pH 7.4). The amount of PAA required to reverse the sign of ζ-potential was approximated by linear interpolation of the titration curve at the isoelectric point. The density of surface charge of the CDs, Qek, was then calculated from the required amount of PAA using the equation: Qek = V • c/w where V is the volume of titrant added (μL), c the concentration of the titrant (μmolAA/μL), and w the amount of titrated NPs (mg). The results were expressed in µmol/mg. Optical properties of the CDs were determined by performing UVvisible and fluorescence measurements on CD samples using a Varioskan multimode reader (Thermo Fisher Scientific, France). Fluorescence quantum yields were measured using quinine (q) in 0.1 M H2SO4, as standard (Fq = 0.54). The quantum yield of CD1-CD4 in water was calculated according to the following equation: FCD = Fq • (FCD/Fq) • (Aq/ACD) where FCD and Fq were quantum yield for CDs and quinine (resp., Fq = 0.54), FCD and Fq were the measured integrated fluorescence emission intensities (lex = 340 nm), and ACD and Aq where the absorbances at 340 nm. In order to minimize fluorescence quenching, absorbance was kept below 0.10 at the excitation wavelength.

Sample preparation for proteomic analysis of CD protein corona

CD water suspensions (250 µL, 2.0 mg/mL) were sonicated in a sonication bath (40 Hz, for 3 min) and mixed with non-diluted fetal bovine serum (250 µL, 40 mg/mL of protein, GIBCO, France) in Eppendorf ® Protein Lobind tubes. The tubes were then incubated for 1 h at 37°C under rocking agitation (70 oscillations/min). After that, the samples were centrifuged at 14,000 × g and 20°C for 45 min. Supernatant was 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 µL of ultrapure water. After determination of protein concentration by the Bicinchoninic acid assay (Sigma-Aldrich, MO, USA), 7.5 μg of samples were denaturated at 95°C for 5 min in Laemmli buffer and concentrated in one stacking band using a 5% SDS-PAGE gel. The gel was fixed with 50% ethanol/3% phosphoric acid and stained with colloidal Coomassie Brilliant Blue. Each band was excised, cut into three pieces, and transferred into a 96-well microtiter plate. Gel slices were washed in 100 μL of 50:50 (v/v) 25 mM NH4HCO3/acetonitrile (ACN) (3 washes of 10 min each). Gel bands were then dehydrated with 50 μL ACN (100%) and reduced with 50 μL DTT (10 mM) for 30 min at 60°C, followed by 30 min at RT. Proteins were then alkylated with 50 μL iodoacetamide (55 mM) for 20 min in the dark at RT, before addition of 100 μL ACN for 5 min. Samples were washed with 50 μL NH4HCO3 (25 mM) for 10 min and 50 μL ACN for 5 min, before being dehydrated with two cycles of incubations in 50 μL ACN for 5 min. Then proteins were digested overnight at 37°C with a modified porcine trypsin solution (Promega, WI, USA) at a 1:100 (w/w) enzyme/protein ratio. Tryptic peptides were extracted under agitation at RT with 60 μL 60% ACN/0.1% formic acid (FA) for 45 min, and then 100% ACN for 10 min. The extraction supernatants were pooled and vacuum-dried before re-suspension in 20 μL 2% ACN/0.1% FA.

Mass spectrometry analysis

NanoLC-MS/MS analyses were performed on a nanoAcquity UPLC device (Waters, MA, USA) coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific, France). The solvents consisted of 0.1% FA in H2O (solvent A) and 0.1% in ACN (solvent B). The digested samples (2 μL) were loaded onto a Symmetry C18 pre-column (20 mm × 180 μm, 5 μm diameter particles; Waters, Milford, MA) over 3 min at 5 μL/min with 1% solvent B. Peptides were eluted on an Acquity UPLC BEH130 C18 column (250 mm × 75 μm, 1.7 μm particles; Waters, Milford, MA) at 450 μL/min with the following gradient of solvent B: linear from 1% to 8 % in 2 min, linear from 8% to 35% in 77 min, linear from 35% to 90% in 1 min, isocratic at 90% for 5 min, down to 1% in 2 min, isocratic at 1% for 2 min. The Q-Exactive Plus mass spectrometer was operated in data-dependent acquisition mode by automatically switching between full MS and consecutive MS/MS acquisitions. Full-scan MS spectra were collected from 300-1,800 m/z at a resolution of 70,000 at 200 m/z with an automatic gain control target fixed at 3 × 10 6 ions and a maximum injection time of 50 ms. The top 10 precursor ions with an intensity exceeding 2 × 10 5 ions and charge states ≥ 2 were selected on each MS spectrum for fragmentation by higher-energy collisional dissociation. MS/MS spectra were collected at a resolution of 17,500 at 200 m/z with a fixed first mass at 100 m/z, an automatic gain control target fixed at 1 × 10 5 ions and a maximum injection time of 100 ms. A dynamic exclusion time was set to 60 s.

Proteomics data processing

A complete data set has been deposited to the ProteomeXchange Consortium via the PRIDE partner repository. Raw mass spectrometry (MS) data processing was performed using the MaxQuant software v1.6.7.0. 78 Peak lists were searched against a database including Bos Taurus protein sequences extracted from Uniprot (17-07-2020; 32 497 sequences, taxonomy ID = 9913) supplemented with 35 keratins and 1 trypsin, generated with the database toolbox from MSDA. 79 MaxQuant parameters were set as follows: MS tolerance set to 20 ppm for the first search and 5 ppm for the main search, MS/MS tolerance set to 40 ppm, maximum number of missed cleavage set to 1, carbamidomethyl (C) set as fixed modification, oxidation (M) and protein N-term acetylation set as variables modifications. False-discovery rates (FDRs) were estimated based on the number of hits after searching a reverse database and were set to 1% for both peptide spectrum (with a minimum length of seven amino acids) 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 intensitybased absolute quantification (riBAQ) using the MaxQuant software for each protein. 80 Then, a cut-off was applied to select only proteins present in all four replicates.

Bioinformatics analysis

The theoretical physicochemical properties of the proteins were calculated based on their sequences. The molecular weight (MW) and isoelectric point (pI) were computed via http://isoelectric.org/index.html and the GRAVY index via https://www.bioinformatics.org/sms2/protein_gravy.html. The Venn diagram used to decompose the common and specific proteins identified within corona of the different CDs was obtained using the Venny bioinformatic tool (v 2.1.0). The list of proteins was also organized according to the respective molecular function, biological process and involvement in KEGG pathway employing the classification generated from the DAVID (v 6.8), STRING (v 11.5) and Panther (v 16.0) systems. The graphs illustrating the top 50 most abundant proteins composing CD corona were constructed using the Rawgraph software (https://rawgraphs.io). The heatmap of the top 50 proteins was obtained from the heatmapper software (http://www.heatmapper.ca/expression/). The Pearson's correlation coefficients were calculated to determine the relationship between uptake or cytotoxicity of CDs and the top 50 corona proteins using the GraphPad Prism software (v 6.0). A multivariate approach based on principal component analysis (PCA) was used to study the influence of ζ-potential, surface charge density and cellular uptake on the top 50 corona proteins.

Cell culture

THP-1 (TIB-202™, ATCC) cells were grown in culture flasks at 37°C in a 5% CO2 humidified chamber using RPMI-1640 culture medium containing L-glutamine (2 mM), 2-mercaptoethanol (0.05 mM), penicillin (100 UI/mL), streptomycin (100 μg/mL), and 10% heat inactivated FBS (all reagents from GIBCO, France). For experiments, cells were seeded in appropriate culture devices and differentiated into macrophages overnight by adding 10 ng/mL phorbol 12-myristate 13-acetate (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, attesting to the cell differentiation from a monocyte phenotype to a macrophage phenotype (Chanput et al., 2014).

Assessment of CD cell uptake

Thanks to the intrinsic fluorescence properties of CDs, it was possible to assess their cellular uptake by macrophages using CLSM and fluorescence activated cell sorting (FACS). CLSM experiments were carried out as follow. Cells were seeded into 8-well IbiTreat µ-slides (1.5 polymer coverslip, IBIDI ® , Ibidi GmbH, Germany) at a density of 10 5 cells/well, differentiated into macrophages, and incubated with CDs at a concentration of 25 µg/mL, for 4 h. At the end of the incubation time, the cells were washed twice with culture medium. In order to label the cell membrane, cells were exposed to the fluorescent probe DSQ12S (10 nM in PBS) 81 shortly before their observation under the microscope. The cellular uptake of CDs was observed using a Leica SP2 microscope equipped with a 63X oil immersion objective (NA=1.2). The CDs and the membrane probe DSQ12S were excited with 405 and 635 nm laser sources, respectively. For FACS experiments, cells were seeded into 24-well plates at a density of 5.10 5 cells/well, differentiated into macrophages, and incubated with CDs at a concentration of 25 µg/mL for 4 h. After CD exposure, the supernatant was discarded and the cells were rinsed with PBS, harvested by trypsin treatment, transferred into microtubes, and centrifuged for 5 min at 200 × g. The pelleted cells were rinsed with PBS and resuspended in culture medium without serum. Cell suspensions were then analyzed with a LSRFortessa X 20 TM flow cytometer (BD Biosciences, France) and fluorescence of each sample (20,000 events) was collected using a BV421 (violet laser) channel. CD uptake was quantified by determining changes in the mean fluorescence intensity (MFI) of CD-treated cells compared to untreated cells. Results were expressed as the ratio of the MFI of CD-treated cells to the MFI of untreated cells. They were means ± SEM of n = 3 experiments. Statistical differences were determined by Student's t-test, using the GraphPad Prism software (v 6.0).

Cell viability assay

Cell viability was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells were seeded into 96-well plates at a density of 10 5 cells/well, differentiated into macrophages and incubated for 24 h with increasing concentrations of CDs (3-200 µg/mL). Then, cells were washed with PBS and incubated with 100 µL of MTT (1.0 mg/mL diluted in culture medium) for 1 h at 37°C. At the end of the incubation period, 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 using a Varioskan Lux microplate reader (Thermo Fisher Scientific, France). Cell viability was expressed as the percentage of the absorbance of CD-treated cells relative to the absorbance of the non-exposed cells. The results were means ± SEM of n = 3-6 experiments. Concentration-response curves were obtained after logarithmic transformation of the data and fit with the Hill equation.

Figure S2.

Correlation between the abundance (riBAQ) of the top 50 proteins and the CD toxicity. The toxicity marker that was chosen is the loss of viability induced by 125 µg/mL CDs. The toxicity correlation coefficient is considered as significant when the absolute value is > 0.5 (labelled in blue and red for negative or positive correlation, respectively).
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Fig. 1

 1 Fig. 1 Physicochemical properties of the proteins identified on the surface of the four CDs investigated in this study. Proteins were classified according to their MW (a), pI (b) and GRAVY index (c). Data are expressed as percentage of the total proteins.

Fig. 2

 2 Fig. 2 Venn diagram of the proteins identified at the surface of the four CDs investigated in this study.

Fig. 3

 3 Fig. 3 Biological functions of the common proteins identified on the surface of the four CDs. Proteins were classified according to their molecular function (a), biological process (b) and KEGG pathway (c).

Fig. 4

 4 Fig. 4 Uptake of CDs by macrophages, as assessed by FACS (a) and CLSM (b). Cells were exposed to 25 µg/mL of CDs and uptake was assessed at 4 h. (a) Quantification of CD internalization by FACS. Results are expressed as fold change in fluorescence intensity when compared to control cells and are means ± SEM of n = 3 experiments. Statistical differences when compared to control were determined by Student's t-test. *** p < 0.001. (b) Cells were stained with the fluorescent membrane probe DSQ12S before observation by CLSM. Cell membrane is colored in green, and CDs appear in blue and are indicated by white arrows (scale bar = 20 µm).

Fig. 5

 5 Fig. 5 Cytotoxicity of the four CDs in macrophages. Cells were incubated with increasing concentrations (3-200 μg/mL) of the CDs for 24 h and their viability was assessed with the MTT assay. Results are expressed as percentage of viability when compared to control (unexposed cells). They are means ± SEM of n = 3-6 experiments. Concentration-response curves were obtained after logarithmic transformation of the data and fit with the Hill equation.

Fig. 6

 6 Fig. 6 Illustration of the top 50 most abundant proteins which compose the corona of the 4 CDs. Size and colors of the proteins are proportional to their abundance within the corona. The color scale unit is riBAQ.

Fig. 7

 7 Fig. 7 Heatmap of the top 50 proteins identified in the corona of the four CDs. The relative abundance (z score) of each protein between CDs is represented in blue and red indicating low and high z score, respectively, as shown by the color scale bar. The absence of protein is indicated in black.

Fig. 8 .

 8 Fig. 8. Correlation between abundance (riBAQ) of the top 50 proteins and CD uptake correlation coefficient. (a) Pearson correlation analysis. The uptake correlation coefficient was considered as significant when the absolute value was > 0.5 (labelled in blue and red for negative or positive correlation, respectively). (b) Negative correlation between the HBA and APOB proteins and CD uptake. (c) Positive correlation between the ADIPOQ and FBLN1 proteins and CD uptake.

  cell internalization is ζ-potential.

Fig. 9

 9 Fig. 9 Multivariate approach based on principal component analysis (PCA) which illustrates the links between CD protein corona composition and ζ-potential, surface charge density, and cellular uptake of the NPs.

Fig. 10

 10 Fig. 10 Role of corona proteins in CD cytotoxicity. Correlation between CD uptake and macrophage viability loss induced by 125 µg/mL CDs depending on each top 50 protein present in the NP corona.

Figure S3 .

 S3 Figure S3. Role of corona proteins in CD cytotoxicity. Correlation between CD uptake and macrophage viability loss induced by 125 µg/mL CDs depending on each top 50 protein present in the NP corona. This analysis was conducted using FACS uptake data for cells exposed to CD2, CD3 and CD4.

Table 1

 1 Physicochemical and photophysical characteristics of the CDs investigated herein.

		CD1	CD2	CD3	CD4
	Structure				
	Passivation reagent	bPEI25K	bPEI600	PEHA	DMEDA
	ζ-potential [mV]	+37.3 ± 5.2	+31.8 ± 1.1	+29.2 ± 2.2	+11.1 ± 2.2
	Surface charge density Qek [µmol/mg]	2.30	4.70	3.25	0.01
	Hydrodynamic diameter [nm]	17.1 ± 1.1	11.0 ± 3.4	10.2 ± 3.2	11.8 ± 3.3
	Photoluminescence λmax/λex/λem [nm]	a /375/460	350/365/460	350/370/465	a /315/465
	Quantum yield F [%]	1.4	12.4	9.8	16.5

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

Table S1 .

 S1 Top 50 most abundant proteins in the CD corona.

	CD3	Gene name	Protein name	RiBAQ	Contribution (%)	CD4	Gene name	Protein name		RiBAQ	Contribution (%)
	1	VTN		Vitronectin	0.0824	8.343		1	HBA	Hemoglobin subunit alpha		0.1601	16.169
	2	AHSG		Alpha-2-HS-glycoprotein	0.0728	7.371		2	AHSG	Alpha-2-HS-glycoprotein			0.1045	10.550
	3	LGALS3BP	Galectin-3-binding protein	0.0630	6.377		3	SERPINF1	Pigment epithelium-derived factor		0.0909	9.182
	4	HBA		Hemoglobin subunit alpha	0.0527	5.341		4	G3N0S9	Uncharacterized protein			0.0378	3.817
	5 6 7 8	CD1 1 2 3 SERPINA1 KIF12 A2M TUBB1	Gene name ITIH3 KIF12 VTN Alpha-1-antiproteinase Inter-alpha-trypsin inhibitor heavy chain H3 Protein name Protein AMBP Vitronectin Protein AMBP Alpha-2-macroglobulin Tubulin beta chain	RiBAQ 0.1435 0.1180 0.1130 0.0474 0.0350 0.0302 0.0287	Contribution (%) 14.435 11.874 11.373 4.795 3.540 3.056 2.907	CD2 5 1 6 2 7 3 8	Gene name CLEC3B AHSG SERPINA1 ADIPOQ GAPDH VTN APOA1	Protein name Alpha-2-HS-glycoprotein Tetranectin (TN) Alpha-1-antiproteinase Adiponectin Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Vitronectin Apolipoprotein A-I	RiBAQ 0.1238 0.1203 0.0903	0.0352 Contribution (%) 0.0304 12.448 0.0289 12.097 9.082 0.0288	3.550 3.069 2.923 2.905
	9	ITIH3	4	FBLN1 Inter-alpha-trypsin inhibitor heavy chain H3 Fibulin-1	0.0475 0.0246	4.780 2.491	4	9	KIF12 APOE	Protein AMBP Apolipoprotein E		0.0882	8.871 0.0269	2.717
	10 APOA1	5	ADIPOQ Apolipoprotein A-I Adiponectin	0.0358 0.0192	3.600 1.939	5 10	ITIH3 SERPINC1	Inter-alpha-trypsin inhibitor heavy chain H3 Antithrombin-III	0.0841	8.461 0.0216	2.178
	11 FBLN1	6	AHSG Fibulin-1	Alpha-2-HS-glycoprotein	0.0352 0.0191	3.545 1.935	6 11	FBLN1 APOA2	Fibulin-1 Apolipoprotein A-II		0.0579	5.818 0.0184	1.857
	7 8 9 10 11 12 ADIPOQ 13 CLEC11A 14 SERPINC1 15 G5E5T5	HBA G3N0S9 F2 LGALS3BP SERPINC1 Adiponectin Hemoglobin subunit alpha Uncharacterized protein Prothrombin Galectin-3-binding protein Antithrombin-III C-type lectin domain containing 11A Antithrombin-III Uncharacterized protein	0.0346 0.0282 0.0240 0.0196 0.0180 0.0182 0.0179 0.0173 0.0154	3.482 2.835 2.411 1.969 1.812 1.847 1.813 1.755 1.559	7 8 12 9 13 10 F2 SERPINA1 G3N0S9 C1QA APOE ALB 14 CFB 11 APOA1 15 APOC2	Alpha-1-antiproteinase Uncharacterized protein Complement C1q subcomponent subunit A Apolipoprotein E ALB protein Prothrombin Complement factor B Apolipoprotein A-I Apolipoprotein C-II	0.0435 0.0343 0.0234 0.0215 0.0183	4.376 0.0171 3.445 0.0154 2.356 0.0141 2.159 1.840 0.0137	1.729 1.557 1.425 1.387
	12 16 G3N0S9	APOA1 Uncharacterized protein Apolipoprotein A-I	0.0179 0.0148	1.803 1.498	12 LGALS3BP 16 VTN	Galectin-3-binding protein Vitronectin		0.0171	1.717 0.0136	1.370
	17 APOE	13	SERPINA1 Apolipoprotein E Alpha-1-antiproteinase	0.0161 0.0132	1.620 1.337	13 SERPINC1 17 ALB	Antithrombin-III Serum albumin		0.0156	1.565 0.0117	1.177
	18 GAPDH	14	P02081 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Hemoglobin fetal subunit beta	0.0159 0.0131	1.597 1.326	14 FETUB 18 CFP	Fetuin-B Complement factor properdin	0.0119	1.200 0.0112	1.133
	15 16 17 18 21 HSP90AA1 19 ALB 20 F2 22 APOA2 19 20 23 FETUB	G5E5T5 GAPDH APOE G5E513 CLEC11A ALB protein Uncharacterized protein Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Apolipoprotein E Uncharacterized protein C-type lectin domain containing 11A Prothrombin Heat shock protein HSP 90-alpha Apolipoprotein A-II SERPIND1 SERPIND1 protein Fetuin-B	0.0157 0.0101 0.0099 0.0091 0.0077 0.0129 0.0123 0.0119 0.0107 0.0075 0.0100	1.575 1.017 0.991 0.921 0.778 1.307 1.249 1.208 1.085 0.753 1.017	15 HBA 16 ALB 19 C1QB 17 ALB 20 P02081 18 TUBB1 21 F2 19 G5E5T5 22 F13A1 20 AFP 23 C1QC	Hemoglobin subunit alpha Serum albumin Complement C1q subcomponent subunit B ALB protein Hemoglobin fetal subunit beta Tubulin beta chain Prothrombin Uncharacterized protein Coagulation factor XIII A chain Alpha-fetoprotein C1QC protein	0.0109 0.0083 0.0079 0.0076 0.0071 0.0070	1.093 0.0110 0.832 0.0106 0.799 0.0104 0.768 0.710 0.0098 0.705 0.0096	1.112 1.068 1.050 0.987 0.973
	24 F13A1	21	TUBB1 Coagulation factor XIII A chain Tubulin beta chain	0.0071 0.0097	0.713 0.981	21 SERPINF2 24 G5E5T5	Alpha-2-antiplasmin Uncharacterized protein		0.0069	0.695 0.0079	0.797
	25 GPX3	22	F10 Glutathione peroxidase 3 F10 protein	0.0069 0.0094	0.697 0.949	22 F13A1 25 Q9TS74	Coagulation factor XIII A chain Pancreatic elastase inhibitor	0.0061	0.609 0.0074	0.746
	23 24 25 26 29 TUBA4A 26 ALB 27 P02081 28 G5E513 27 28 30 LOC506828 Uncharacterized protein A2M Alpha-2-macroglobulin ITIH2 ITIH2 protein F13A1 Coagulation factor XIII A chain SPARCL1 SPARC like 1 ALB ALB protein Serum albumin Hemoglobin fetal subunit beta Uncharacterized protein Tubulin alpha-4A chain ALB Serum albumin	0.0066 0.0059 0.0058 0.0054 0.0054 0.0093 0.0086 0.0083 0.0072 0.0053 0.0071	0.665 0.590 0.583 0.547 0.544 0.947 0.867 0.837 0.733 0.534 0.724	23 ITIH2 24 GAPDH 26 APOB 25 CLEC11A 27 SERPINA5 26 ECM1 28 TUBB1 27 SERPIND1 29 PCOLCE 28 G5E513 30 ECM1	ITIH2 protein Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Apolipoprotein B C-type lectin domain containing 11A Plasma serine protease inhibitor ECM1 protein Tubulin beta chain SERPIND1 protein Procollagen C-endopeptidase enhancer Uncharacterized protein ECM1 protein	0.0057 0.0056 0.0046 0.0043 0.0043 0.0041	0.572 0.0073 0.565 0.0068 0.465 0.0066 0.436 0.429 0.0059 0.414 0.0055	0.740 0.690 0.671 0.594 0.552
	31 AFP	29	HABP2 Alpha-fetoprotein Hyaluronan-binding protein 2	0.0052 0.0066	0.521 0.670	29 TGFBI 31 FGG	Transforming growth factor-beta-induced protein ig-h3 FGG protein	0.0040	0.400 0.0055	0.551
	32 APOB	30	SERPINF2 Apolipoprotein B Alpha-2-antiplasmin	0.0051 0.0066	0.515 0.665	30 CLU 32 C9	Clusterin Complement component C9	0.0039	0.395 0.0053	0.533
	31 32 33 34 33 SERPINF2 34 SERPIND1 35 CLU 36 ECM1 35 36 37 SPP2	TGFBI HSP90AA1 E1BI02 C4A THBS4 Alpha-2-antiplasmin Transforming growth factor-beta-induced protein ig-h3 Heat shock protein HSP 90-alpha Fibromodulin Uncharacterized protein Thrombospondin-4 SERPIND1 protein Clusterin ECM1 protein ECM1 ECM1 protein Secreted phosphoprotein 24	0.0048 0.0045 0.0043 0.0038 0.0037 0.0060 0.0055 0.0049 0.0048 0.0036 0.0048	0.485 0.456 0.434 0.387 0.371 0.603 0.557 0.494 0.490 0.366 0.490	31 A2M 32 TTR 33 G5E513 33 GC 34 FGB 34 C4BPA 35 CRP 35 FTL 36 KIF12 36 GPX3 37 C4A	Alpha-2-macroglobulin Transthyretin Uncharacterized protein Vitamin D-binding protein Fibrinogen beta chain Complement component 4 binding protein. alpha chain Pentaxin Ferritin light chain Protein AMBP Glutathione peroxidase 3 Uncharacterized protein	0.0037 0.0035 0.0033 0.0032 0.0029 0.0028	0.376 0.0046 0.357 0.0041 0.337 0.0038 0.320 0.290 0.0038 0.281 0.0038	0.465 0.417 0.386 0.386 0.379
	38 C9	37	GPX3 Complement component C9 Glutathione peroxidase 3	0.0034 0.0048	0.340 0.482	37 YWHAE 38 LDHA	14-3-3 protein epsilon L-lactate dehydrogenase A chain	0.0025	0.253 0.0037	0.370
	39 C4A	38	TLN1 Uncharacterized protein Talin 1	0.0033 0.0047	0.337 0.478	38 TUBA4A 39 MYH9	Tubulin alpha-4A chain Myosin heavy chain 9		0.0025	0.247 0.0033	0.338
	40 E1BI02 41 ACAN 42 FTL 43 SRGN 44 FGG	39 40 41 42 43 44	FETUB FGG Q9TS74 C1QTNF3 CLU Fibromodulin Fetuin-B FGG protein Pancreatic elastase inhibitor Adiponectin M Clusterin Aggrecan core protein Ferritin light chain Proteoglycan 1-like SPP2 Secreted phosphoprotein 24 FGG protein	0.0033 0.0029 0.0029 0.0028 0.0028 0.0044 0.0043 0.0043 0.0039 0.0026 0.0038	0.333 0.292 0.289 0.283 0.281 0.447 0.439 0.434 0.398 0.265 0.380	39 C4A 40 I7CT57 40 AFP 41 TLN1 41 PLTP 42 ACTC1 42 CAT 43 A1BG 43 ITIH3 44 ANGPTL3 44 LDHB	Uncharacterized protein Vitamin D binding protein Alpha-fetoprotein Talin 1 Phospholipid transfer protein Actin. alpha cardiac muscle 1 Catalase Alpha-1B-glycoprotein Inter-alpha-trypsin inhibitor heavy chain H3 Angiopoietin-like 3 L-lactate dehydrogenase B chain	0.0022 0.0022 0.0022 0.0021 0.0020 0.0019	0.223 0.0033 0.222 0.0032 0.217 0.0032 0.216 0.198 0.0030 0.192 0.0029	0.336 0.326 0.320 0.307 0.289
	45 ACTN1	45	F13B Alpha-actinin-1 Coagulation factor XIII B chain	0.0026 0.0037	0.263 0.378	45 C1R 45 CHAD	Complement C1r Chondroadherin		0.0019	0.187 0.0028	0.287
	46 CHST3	46	BLVRB Sulfotransferase Flavin reductase (NADPH)	0.0025 0.0037	0.251 0.372	46 P02081 46 AHCY	Hemoglobin fetal subunit beta Adenosylhomocysteinase	0.0018	0.185 0.0027	0.273
	47 TGFBI 48 MYH9 49 A1BG 50 TUBB5	47 48 49 50	CD5L FGB TUBA4A TTR Transforming growth factor-beta-induced protein ig-h3 CD5 molecule like Fibrinogen beta chain Tubulin alpha-4A chain Transthyretin Myosin heavy chain 9 Alpha-1B-glycoprotein Tubulin beta-5 chain	0.0024 0.0023 0.0023 0.0020 0.0036 0.0034 0.0034 0.0032	0.241 0.233 0.230 0.205 0.361 0.349 0.346 0.323	47 PSMA7 48 C1S 47 A2M 49 Q9TS74 48 RAN 50 APOD 49 FGA 50 Q28194	Proteasome subunit alpha type-7 Complement C1s subcomponent Alpha-2-macroglobulin Pancreatic elastase inhibitor GTP-binding nuclear protein Ran Apolipoprotein D Fibrinogen alpha chain Thrombospondin-1	0.0018 0.0017 0.0017 0.0016	0.184 0.0027 0.173 0.0026 0.168 0.0025 0.160 0.0025	0.272 0.264 0.254 0.253
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Table S2 .

 S2 Key proteins identified from the CD corona showing positive or negative correlation with cell uptake. Pearson r correlation coefficient calculated from FACS data for cells exposed to CDs.

		Protein	Correlation with CD1 to CD4 uptake a	Correlation with CD2 to CD4 uptake a
	Positive	ADIPOQ	1.00	1.00
	correlation	GC	0.99	1.00
		TTR	0.99	0.99
		ACTC1	0.98	1.00
		I7CT57	0.90	0.96
		FBLN1	0.81	0.97
		YWHAE	0.81	0.92
		C4BPA	0.77	0.93
		PSMA7	0.69	0.84
		SERPINF2	0.68	0.70
		FETUB	0.68	0.71
		ITIH2	0.65	0.88
		RBP4	0.62	0.74
		F2	0.61	1.00
		ANGPTL3	0.60	0.77
		KIF12	0.53	0.96
		AFP	0.53	0.64
		AHSG	0.52	0.74
	Negative	G5E5T5	-0.50	-0.51
	correlation	APOA1	-0.50	-0.62
		CAT	-0.50	-0.60
		C1QB	-0.52	-0.61
		PLTP	-0.52	-0.66
		C1QA	-0.53	-0.63
		CFB	-0.53	-0.64
		ALB	-0.54	-0.97
		C1QC	-0.55	-0.66
		APOC2	-0.56	-0.69
		Q9TS74	-0.56	-0.56
		LDHA	-0.57	-0.70
		LDHB	-0.57	-0.70
		SERPINA5	-0.61	-0.69
		AHCY	-0.67	-0.75
		HBA	-0.68	-0.77
		F13A1	-0.68	-1.00
		GAPDH	-0.71	-0.79
		MYH9	-0.72	-0.99
		C9	-0.72	-1.00
		APOB	-0.74	-1.00
		P02081	-0.74	-0.99
		SERPINC1	-0.76	-0.78
		RAN	-0.87	-0.98
		FGB	-0.87	-0.92
		C4A	-0.89	-0.89
		FGG	-0.91	-0.95
		FGA	-0.91	-1.00

a :
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