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Abstract

:

Carbon nanostructures (CNs), such as carbon nanotubes, fullerenes, carbon dots, nanodiamonds as well as graphene and its derivatives present a tremendous potential for various biomedical applications, ranging from sensing to drug delivery and gene therapy, biomedical imaging and tissue engineering. Since most of these applications encompass blood contact or intravenous injection, hemocompatibility is a critical aspect that must be carefully considered to take advantage of CN exceptional characteristics while allowing their safe use. This review discusses the hemocompatibility of different classes of CNs with the purpose of providing biomaterial scientists with a comprehensive vision of the interactions between CNs and blood components. The various complex mechanisms involved in blood compatibility, including coagulation, hemolysis, as well as the activation of complement, platelets, and leukocytes will be considered. Special attention will be paid to the role of CN size, structure, and surface properties in the formation of the protein corona and in the processes that drive blood response. The aim of this review is to emphasize the importance of hemocompatibility for CNs intended for biomedical applications and to provide some valuable insights for the development of new generation particles with improved performance and safety in the physiological environment.
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1. Introduction


Due to its ability to assume different hybridization states, including sp2 and sp3 hybridization, carbon can form different allotropes (e.g., graphite, diamond, and fullerene-like structures) which exhibit peculiar chemical and physical characteristics derived from their specific structure. A range of carbon nanostructures (CNs) have recently raised the interest of material scientists due to the extraordinary characteristics related to their nanoscale size. Among carbon nanostructures, we can count 0-D systems such as nanodiamonds (NDs), fullerenes (CFs) and carbon dots (CDs), 1-D carbon nanotubes (CNTs) and nanofibers, as well as 2-D graphene-based nanostructures (GBNs) (Figure 1). Due to their outstanding physical, chemical, mechanical, thermal, electrical and optical properties [1], CNs are extremely attractive for a wide range of applications in electronics, optoelectronics, sensing, mechanics, construction, automotive, and aerospace fields [2,3,4,5].



In the biomedical field CNs have been proposed for a number of theragnostic applications [6,7], including biosensing [8], imaging [9,10], hyperthermal cancer therapy, stem cell therapy, tissue engineering [11,12,13], drug and gene delivery. Due to their small size, high specific surface area, and easy surface functionalization, NDs, CDs, CFs, CNTs, and GBNs have shown promising results as transporting systems for the administration of proteins, nucleic acids, and pharmaceutical compounds [14,15,16,17], and have demonstrated to successfully increase the efficacy of distribution and cell uptake of poorly permeating molecules. Thanks to their surface chemistry, most CNs can be easily conjugated with various functional groups and chemical moieties in an attempt to improve some features that are critical in the biological environment (e.g., colloidal dispersibility and stability), to address the desired biological response or to reach specific target organs. Various active molecules, including chemotherapeutics, antiretroviral, antibacterial, and anti-inflammatory compounds [18,19,20], have been conjugated to CNs with high drug loading efficiency.



CNs are undoubtedly a powerful platform for developing forefront theragnostic tools. However, the growing interest in using CNs in the biomedical field has raised significant concerns about their biocompatibility, clearly pointing out that the effects of the nanostructures on the biological environment must be carefully assessed in order to take full advantage of their unique characteristics and to define their safe use. The cytotoxicity and immunological response of different types of CNs have been thoroughly investigated both in vitro and in vivo, disclosing a quite complex landscape [21,22,23,24]. Experimental studies have shown that cell response depends on several factors, such as CN physicochemical properties and geometrical structure, surface functionalization, size distribution, presence of impurities, wettability and dispersibility in aqueous media, as well as on the culture medium and target cell type [25,26,27,28,29,30,31,32]. The literature in this field is copious and detailed information can be found in some recent reviews dealing with the biocompatibility, biodistribution, and biodegradation of different types of CNs [33,34,35,36]. Much less effort has been dedicated to the study of CN hemocompatibility, although most biomedical applications (e.g., drug delivery, imaging, etc.) require direct intravenous administration or involve blood contact as a consequence of local administration or translocation to the blood stream following inhalation or ingestion. Hemocompatibility represents a critical issue towards the safe in vivo utilization of nanomaterials for diagnostic and therapeutic purposes and can significantly contribute to define their success or failure in the biomedical field. Therefore, analyzing the interactions of CNs with blood is of paramount concern for determining their fate in the physiological environment and for identifying potential adverse effects.



After a brief general overview of the complex mechanisms that can take part in the blood-material interactions and of the specific issues related to nanosized objects, this review will provide a comprehensive revision of the main hemocompatibility studies conducted by experimental and theoretical modeling analyses on different classes of CNs, including nanodiamonds, fullerenes, carbon dots, carbon nanotubes, and graphene and its derivatives. We will individually examine the characteristics of different types of carbon-based nanostructures and discuss their effects on the various blood components, including plasma proteins, complement and coagulation factors, platelets (PLTs), and red blood cells (RBCs). The parameters affecting CN hemocompatibility will be discussed, in an attempt to identify common features and recurrent pathways dictating the interaction rules. Potentialities and weaknesses of CN use in specific blood-contacting applications will be critically examined, and the strategies proposed in the literature for improving the hemocompatibility of the different classes of CNs for biomedical applications will be described.




2. Hemocompatibility of Biomaterials—Short Overview


Blood is a very complex biological tissue composed of a liquid (plasma) and a solid phase (blood cells), where different biochemical mechanisms and reactions take place in order to maintain the homeostasis of the physiological system. The blood cellular component is formed by red blood cells (erythrocytes), white blood cells (monocytes, lymphocytes, neutrophils, eosinophils, basophils, and macrophages), and platelets, while plasma contains, in addition to electrolytes and other biomolecules, hundreds of proteins with different concentrations, properties and functions. “When blood is touched”, to use the words of Leo Vroman [37], one of the first and most well-known hematologists to study the behavior of blood following contact with natural and artificial surfaces, a series of complex and interconnected processes can be activated. These include protein adsorption, platelet adhesion, activation and aggregation, activation of the coagulation cascade and of the complement system, as well as hemolysis.



Protein adsorption is the first event taking place when biomaterials are exposed to a biological environment. Within a few seconds after blood–material contact, the surface is covered with a layer of proteins, whose composition, relative concentration, conformation, and orientation guide the consequent host response and contribute to determine the fate of the material [38]. Protein adsorption on biomaterials from multicomponent solutions, such as plasma, is a dynamic process that includes the transport of proteins to the exposed surface and a first reversible binding followed by exchange phenomena among different species [39,40]. Nearly 300 proteins with different molecular weight, charge, structure, and concentration have been detected in plasma to date [41]. Among these, about a dozen proteins (“the big twelve”) [42] are considered to dominate plasma protein adsorption, including human serum albumin (HSA), immunoglobulins (IgG, IgA, IgM), C3 complement component, fibrinogen (Fng), haptoglobin, α1-antitrypsin, α2-macroglobulin, as well as low- and high-density lipoproteins.



Both the physicochemical properties of the material (e.g., chemical composition and functionalization, surface roughness, wettability, water sorption, etc.) [43] and the characteristics of the proteins in solution (e.g., amino-acid composition, size, structure, presence of polar or charged domains, isoelectric point, etc.) contribute to control the adsorption process and to define the type, amount, and conformation of the bound molecules. The adsorbed protein layer plays then a pivotal role in guiding the overall response of biomaterials in terms of hemocompatibility. Platelet and leukocyte adhesion/activation phenomena as well as activation of the complement system and of the intrinsic coagulation pathway may result from a specific protein absorption. For example, it is well known that adsorbed adhesive plasma proteins such as fibrinogen, von Willebrand Factor, and fibronectin are responsible for platelet adhesion and that activated platelets can, in turn, act as pro-adhesive mediators for leukocytes [44].



When proteins encounter significant modifications in their three-dimensional structure upon adsorption (e.g., molecular spreading or unfolding) their original function can be altered, and subsequent biological reactions may be induced [45]. This may involve the exposition of otherwise masked specific functional groups or biologically active moieties to the surrounding environment. For instance, it was shown that, while soluble Fng does not bind resting platelets, the exposure of the carboxyl terminus of the Fng γ-chain induced during adsorption on pro-thrombotic surfaces allows the binding to platelet GPIIb/IIIa receptors and leads to Fng-mediated platelet adhesion [46].



Platelet adhesion can be followed by a cascade of biochemical signals, that rapidly initiate platelet activation, including change of shape, release of PLT granules content (e.g., Platelet Factor-4, Fng, ADP, serotonin, Ca++, etc.), formation of small amounts of thrombin and generation of thromboxane A2. The released substances, in particular Fng, stimulate platelet aggregation leading to the formation of the so called “white” thrombus.



In parallel with platelet adhesion and activation, the intrinsic pathway of coagulation can be initiated by contact activation. The activation of surface-bound contact phase proteins (e.g., FXII) promotes a series of Ca++-dependent reactions and culminates with the conversion of prothrombin (FII) to thrombin [47]. Thrombin, in turn, acts on fibrinogen, producing small fibrinopeptides, which polymerize to form an organized fibrin mesh stabilized by FXIII, which can incorporate red blood cells to form the “red” blood clot. At least 12 factors, mainly belonging to the serine protease family, are involved in the coagulation process.



Complement activation is another detrimental effect that may take place when materials are exposed to blood. As part of the innate immune system, complement is composed of small plasma circulating proteins and factors that can induce a series of inflammatory responses to help fighting foreign cells and organisms. Material-induced complement activation can occur via the classical or alternative pathway. An exhaustive description of the complex mechanisms involved in complement activation on artificial surfaces and of its contribution in adverse reactions, including leukocyte activation and inflammatory reaction, can be found elsewhere [47,48,49,50]. In brief, both the classical and alternative pathways contribute to the formation of C3 convertase complexes (C4bC2a and C3bBb, respectively) that cleave the C3 complement component into C3a and C3b. The anaphylatoxin C3a induces pro-inflammatory effects, including neutrophil and macrophage chemoattraction, while surface-immobilized C3b recruits and activates leukocytes and binds to pathogens inducing their phagocytosis. C3b also takes part in the formation of the C3 and C5 convertase, which generates the pro-inflammatory anaphylatoxin C5a [51] and the fragment C5b, which may induce the formation of the terminal complement complexes (TCC or sC5b-9). Surface adsorbed plasma proteins play a key role in the activation of the complement system, as specific conformational changes in the molecular structure of adsorbed proteins can expose varying number of acceptor sites to C3 fragments [52]. Moreover, it was shown that conformational changes in the C3 opsonins adsorbed to a material surface can generate C3 convertases, which, in turn, can trigger further activation and amplification of the alternative complement pathway [53].



All the above-mentioned processes that can occur at the blood-material interface (Figure 2) are closely interconnected [54]. For example, the initiating factor of the intrinsic coagulation cascade, FXIIa, contributes to complement activation, while the activity of the complement system can contribute to the amplification of the coagulation cascade [55]. In addition, platelet phospholipidic membrane represents an essential substrate for the formation of active complexes during the coagulation process and thrombin generation activates platelets, which then catalyze the production of more thrombin.



The exposition of biomaterials to blood may also cause hemolysis, which is the loss of RBC membrane integrity resulting in the release of intracellular hemoglobin (Hb) into plasma. The modification and lysis of erythrocytes can induce anemia, alteration of kidney function and other pathological conditions.



Standard practices for testing the interactions of medical devices with blood are specified in the reference standard ISO 10993-4.



Blood–Material Interactions at the Nanoscale


As any biomaterial involving blood contact at some level, nanostructures intended for biomedical applications require an in-deep investigation to assess the absence of adverse effects in the blood environment. However, while the interactions of blood components with macroscopic biomaterials are quite well known at the present time, the interactions with nanometric-sized objects have not been completely elucidated yet. Blood-NP interactions involve, in fact, original aspects, mainly related to the NP extremely high surface-to-volume ratio and surface energy, and exhibit a superior degree of methodological complexity due to borderline experimental conditions and sophisticated equipment required for the analysis.



At the nanometric level materials can assume unusual properties and their behavior can differ significantly from that of their macroscopic counterparts. In addition to surface chemistry, roughness, crystallinity, and wettability, in the case of nano-sized objects some other physicochemical characteristics contribute to define their interactions with the biological environment, including nanoparticle shape, size and surface area, curvature radius, surface energy, charge, presence of functional groups, hydration, and particle dispersion/aggregation [56]. All these characteristics, as well as some properties of the suspending media as ionic strength, pH, temperature and presence of biomolecules (e.g., proteins), have a significant role in guiding the hemocompatibility of the nanostructures. In particular, the protein adsorption process is extremely sensitive to the nanomaterial physicochemical properties.



Protein Corona


Once injected in a biological fluid, such as blood plasma, nanoparticles (NPs) are rapidly coated with a layer of proteins forming the so-called “protein corona” [57,58] in a dynamic process which does not reach the thermodynamic equilibrium [59]. The corona is typically composed of a “hard” portion formed by a thin inner layer of more closely bound proteins, and a “soft” outer layer with less tightly bound and fast exchanging proteins. Hydrophobic interactions, electrostatic interactions, van der Waals interactions, hydrogen bonds, and π-π stacking can contribute in various degree to NP-protein interaction depending on the nature of both nanomaterials and protein media. The protein corona represents the new and dynamic NP interface with the external environment. Experimental studies investigating the nature and composition of the protein corona presented disparate outcomes, both because of the variety of NP and because of the different analytical methods used. A set of 125 plasma proteins has been found to associate with nanomaterials [60], and among these albumin, immunoglobulins, apolipoprotein A–I, and complement components have been frequently found in the nanomaterial corona [61]. If the proteins forming the corona undergo conformational changes with respect to their native structure, their functionality may be impaired, and their regular biological activity may be altered, causing abnormal interactions with other blood components [62]. Thus, the global NP-protein system is responsible for potential adverse events in the cardiovascular system, including thrombosis, complement and leukocyte activation, and hemolysis. Opsonization by complement components and immunoglobulins can, for example, cause the activation of the immune system and receptor-mediated phagocytosys, influencing the rapidity of clearance from the blood stream and/or the biodistribution in different target organs. The blood protein corona has also effects on NP dispersion/aggregation, as well as on circulation time, biodistribution and targeting efficiency of nanomedicines [63], and in some cases was hypothesized to contribute protecting RBC membrane from lysis [64]. Despite considerable challenges due to the shortage of adequate techniques and protocols for the analysis of the extremely complex nano(protein)-to-nano(material) interaction phenomena, a better knowledge of NP-protein interactions, including molecular mechanisms involved and potential induced biological effects isthe first step towards a full understanding of NPs hemocompatibility [65,66].






3. Carbon Nanodiamonds


Carbon nanodiamonds are nanosized particles with the allotropic form of diamond. They can be synthesized by different techniques as detonation, chemical vapor deposition, laser ablation, ultrasound cavitation, and high energy ball milling of microdiamonds produced using high pressure and high temperature [67]. In particular, detonation is currently a popular and inexpensive technique, which can lead to single-crystalline diamond nanoparticles with an average size of ca. 4–5 nm after the post-processing procedure based on purification, de-aggregation and fractionation [68]. Surface modification (e.g., with amine, carboxyl, hydroxyl, ether or ester terminations, as well as with biomolecules) and doping (e.g., with transition metals, Si, N) are two strategies adopted to control and improve the properties of NDs for biomedical applications [7,69]. Exceptional optical and mechanical properties, including high hardness, low coefficient of friction, and wear resistance, as well as high chemical and thermal resistance, make ND an excellent candidate for in vivo imaging [70], selective targeting [15], gene and drug delivery (also for water-insoluble therapeutics) [71], for developing nanorobots [67], or for use as filler in tissue engineering scaffolds [72,73,74].



Diamond nanoparticles exhibited quite good cytocompatibility, with a low toxicity profile, as proved by in vitro studies with different cell types including human osteosarcoma (MG-63) [75], liver (HepG2 and Hep3B), kidney (Caki-1 and Hek-293), intestine (HT29), and lung (A549) cell lines [76,77].



Protein adsorption on NDs seems to be prevalently driven by hydrophobic interactions, or by electrostatic forces in the case of charged NDs. In particular, negatively-charged NDs presented a significantly higher binding affinity for proteins (myoglobulin, bovine serum albumin (BSA), and insulin) with respect to positively-charged NDs [78]. Aramesh and colleagues analyzed the adsorption kinetics and structural characteristics of BSA and lysozyme as model proteins on hydrogen-terminated and oxygen-terminated charged nanodiamond particles [79]. The adsorption process on charged NDs was mainly driven by electrostatic interactions, generated by local pH changes surrounding the charged nanoparticles, which, in turn, caused further changes in the local protein charge, hydration layer, and overall affinity for the ND surface. According to the electrostatic model proposed, the small lysozyme proteins underwent strong conformational modifications and dehydration during a multistage adsorption process, while larger BSA molecules presented only minor structural changes [79]. Strong interaction of BSA with NDs and dominance of hydrophobic forces in the adsorption process were reported in the work of Wang et al. [80]. By means of spectroscopic studies the authors showed that NDs induced some conformational changes in the secondary structure of albumin, even though protein unfolding was not significant and most of the structural features of BSA were preserved in the ND-BSA complex [80].



Carboxylated NDs incubated with human blood plasma were found to induce protein adsorption without affecting the secondary structure. This seems to have a positive effect on hemocompatibility, since COOH-NDs (5 nm and 100 nm diameter) at concentrations in the range of 10 to 500 µg/mL did not cause any significant modifications in the intrinsic pathway of coagulation as measured by activated partial thromboplastin times (aPTT) in line with those of normal human plasma [81]. Colloidal solutions of carboxylated detonation NDs (4–10 nm size) at 1–5 µg/mL induced several concentration-dependent modifications on blood platelets in vitro, including aggregation, morphological alterations, increase of free intracellular Ca2+ level, and attenuation of viability [82]. In the same experimental study, using a murine model of pulmonary thromboembolism, Kumari et al. showed that NDs may elicit strong thromboembolic effects in vivo. However, the extremely drastic effects of NDs on blood compatibility presented in this research do not find validation in other recent works. A completely different behavior was shown by Li and colleagues, who examined the blood compatibility of nano-sized diamond crystallites (10% ca. -COOH surface groups) synthesized by high-pressure/high-temperature and purified by air oxidation and strong oxidative acid treatment [83]. Different samples ranging from 35 nm to 500 nm in diameter were tested in the study at concentrations up to 400 µg/mL, showing negligible hemolytic and thrombogenic effects irrespectively from NDs size and colloidal concentration (Figure 3). In addition, the presence of ND-induced inflammation was excluded by in vivo tests on adult mice, so that these oxidized type NDs was proposed for heparin delivery [83].



Good compatibility of detonated NDs with RBCs was reported by Wasowicz et al., who demonstrated the absence of any hemolytic activity induced by either commercial unmodified, oxygenated (hydrophilic) or hydrogenated (hydrophobic) NDs [84]. Drastic effects of NDs on white and red blood cells, with significant modification of active oxygen generation kinetics and hemolysis, have been reported in one of the first in vitro experiments considering the interaction of NDs with human blood components [85]. Conversely, more recent studies have revealed that the exposure of human RBCs to NDs (5 and 100 nm) may affect the deformability and aggregation of RBCs in a concentration-dependent way, but it is not likely to cause cell death or hemolysis [86]. Size also matters in the ND-RBC interactions, as small NDs (5 nm) penetrated into RBCs, while larger NDs (100 nm) were localized on the RBC surface (Figure 4) [86].



The oxygenation state of both human and rat RBCs was not affected by in vitro exposition to NDs at concentrations below 100 µg/mL and albumin adsorption contributed to reduce ND aggregation. [87]. In vivo, NDs were found to attach to RBC membrane and circulate in the blood stream up to 30 min without inducing any significant immune response [87].



An extensive in vivo study including blood, urine and histopathologic screening was performed in large animal models to investigate the biocompatibility of unmodified and doxorubicin-conjugated detonated NDs [88]. The results of hematological and coagulation test showed that ND-treated rats did not experience severe systemic inflammation or massive coagulation, while in non-human primates the RBCs count, distribution width, and mean corpuscular hemoglobin concentration revealed some fluctuations consistent with the standard reference levels. Since no significant alteration in the physiological parameters were directly attributable to ND administration, the authors concluded that NDs were well-tolerated at clinically relevant doses [88].



Although the research studies conducted so far are still incomplete, current results generally suggest a promising response of bare and charged NDs following contact with blood. The variability in the hemocompatibility response is likely to depend on the physicochemical properties, on the surface functionalization and on the presence of graphitic residuals and other surface contaminants resulting from the synthesis and purification processes.




4. Fullerenes


Fullerenes represent a family of carbon allotropes with cage-like fused-ring icosahedral structure. C60 is the most common form of carbon fullerene (CF), consisting of 20 hexagonal and 12 pentagonal rings arranged in a symmetric closed cage structure. Its discovery, in 1985, earned the Nobel Prize for Chemistry to its pioneers Kroto, Curl, and Smalley. Since then, CFs have raised the attention of researchers in various scientific fields, including nanomedicine, as they have shown unique properties such as tensile strength, electrochemical properties, thermal- and photo-conductivity [89]. A comprehensive review of CFs properties, synthesis, and functionalization methods, as well as biomedical applications, can be found in the work from Goodarzi et al., which is summarizing the progress of fullerene research during 30 years since its first discovery [90]. Biomedical applications of fullerene derivatives include anti-retroviral drugs, photodynamic therapy, MRI contrast agents, and tumor therapy [91].



If on the one hand the antioxidant/cytoprotective potential of fullerenes and its derivatives has been considered for the prevention of oxidative damage [92], on the other hand concerns have been raised about the biocompatibility of CF. Potential oxidative, genotoxic, and cytotoxic responses to CFs have been reported [29,93,94], surface derivatization being one of the key factors driving the biological response [95,96]. Due to its hydrophobic nature, in fact, bare CF presents an elevated cytotoxicity [91] and needs to be modified for improving its originally poor solubility in polar solvents and to acquire specific functions.



To date, the scientific literature on protein adsorption and hemocompatibility of CFs is fragmentary and only a few research studies dealing with the interactions between specific types of CFs and individual blood components have been reported. A recent study analyzed the effects of fullerenol (C60(OH)44) following incubation with some of the most abundant serum proteins, i.e., BSA and γ-globulins, showing that the proteins bound to fullerenols with similar affinity degree and without any significant change in their conformation (Figure 5) [97]. Such a binding resulted in favorable biological implications, as it decreased the cytotoxicity of fullerenol nanoparticles in GES-1 cell lines. Protein adsorption on CF surfaces also seems to form a protective layer preventing salt-induced coagulation in PBS, thus enhancing NP stability in the physiological environment [98].



Prolonged bleeding times and inhibition of thrombosis in Sprague–Dawley rats following fullerenol injection were observed recently by Xia and colleagues [99]. Despite their negative surface charge, the polyhydroxylated derivatives of fullerene did not induce platelet activation or aggregation in vitro and delayed the coagulation in vivo by inhibiting the activity of thrombin and activated coagulation factor X (FXa). Hydrated C60 fullerene at super-small concentrations (10−12–10−14 M) influenced the kinetics of clot lysis accelerating fibrinolytic reactions in vitro [100]. This effect was attributed to the capability of hydrated C60 to induce ordered aqueous structures that contribute to stabilize protease molecules, rather than to the direct effect of C60 particles. CFs seem thus to regulate water-protein and protein-protein interactions in the case of tissue plasminogen activator (t-PA) factor. Whether the same stabilizing effect could be elicited in vivo or with different kinds of serum proteins has not yet been investigated.



The mechanical characteristics of human RBC membrane were found to change following contact with C60 fullerene. In particular, the tensile resistance of the lipidic bilayer decreases significantly with increasing C60 concentration, as proven by both experimental data and theoretical simulations based on a mechanical model [101]. This effect, combined with evidence showing the ability of C60 to infiltrate into lipidic bilayers [102], suggested that CFs may significantly affect blood cells. Dose- and time-dependent modifications of erythrocyte membrane, including shrinkage and increase of surface roughness, were observed following incubation with C60 nanoparticles prepared by solvent exchange using tetrahydrofuran [103] and the effect was related to hemolysis and increase of ROS production. On the other hand, Avilova et al. showed by means of NMR spectroscopy techniques that amphiphilic water-soluble CF derivatives were trapped on the RBC surface or inside the membrane [104]. Strong interaction with human erythrocyte membrane was also revealed in the case of an organophosphonate fullerene, which induced dose- and irradiation-dependent lipid peroxidation mediated by reactive oxygen species, including superoxide radical and, to a major extent, hydroxyl radical and singlet oxygen [105]. Although there are no univocal values defining the concentration threshold for inducing hemolysis, it is clear that the hemolytic action induced by CFs increases as the dose increases. The hemolytic effect of fullerene and its derivatives seems to depend on synthesis methods, complexation agents [103], and surface structure, with greater hemolytic activity induced by cationic chains rather than by neutral or anionic terminations [106].




5. Carbon Dots


Carbon dots, a class of CNs less than 10 nm in size, were discovered accidentally in 2004 during electrophoretic purification of SWNTs [107] and immediately showed attractive properties, first of all photoluminescence (PL), as well as rapid electron transfer capability, and physical and chemical stability. Both top-down (arc discharge, laser ablation, and electrochemical oxidation) and bottom-up (thermal/combustion, supported synthetic, or microwaves) approaches can be used to synthetize CDs [108]. Depending on the method used for the synthesis, different structures can be obtained, which may include a crystalline or amorphous core surrounded by a polar or apolar shell [109]. Quasi-spherical graphitic, presenting a graphitic core composed of sp2-hybridized carbon layers, are the most common type of CDs, but more recently other types of carbon dots with PL properties have been produced with a core based on amorphous carbon, graphene or carbon nitride structures, either in a graphitic- or b-crystalline arrangement (g-C3N4 or b-C3N4) [109]. The synthesis process is followed by passivation (often necessary to obtain highly fluorescent CDs) and purification/separation steps, which lead to particles with a high degree of carboxylic groups on the surface. This contributes to good solubility and colloidal stability in water and allows for an easy surface functionalization with various organic, inorganic, or biological moieties. Due to their extraordinary optical properties and low toxicity, as demonstrated both in vitro and in vivo [110,111,112], CDs main applications are in the field of cell labeling, bioimaging, and sensing [113,114,115].



Very few information is available at present on the hemocompatibility of this novel class of CNs. The only comprehensive study on CDs hemocompatibility was published by Li and colleagues and was based on CDs (diam < 10 nm) synthetized by hydrothermal carbonization of α-cyclodextrin [116]. In this work, the authors performed a broad series of in vitro and in vivo experiments to elucidate the effects of the fluorescent CDs on blood cells (RBC morphology and lysis), platelets, complement system, and coagulation. Interestingly, they found that all blood components were affected in a dose-dependent manner by contact with CDs. In particular, CD concentrations of 0.01 mg/mL and 0.1 mg/mL preserved the physiological RBCs morphology, while higher concentrations (from 1 mg/mL to 10 mg/mL) induced an increasing degree of RBCs deformation and hemolysis accompanied by hemoglobin release (Figure 6). Hydrophobic interactions seem to drive the CD-RBC interactions guiding the subsequent deformation and lysis of the RBCs membranes.



The same CDs derived from α-cyclodextrin were tested against blood coagulation in vitro and in vivo. At low CD concentration (0.1 mg/mL) aPTT and PT did not show significant variations respect to control PBS solution, while at concentrations of 1 and 2 mg/mL significantly higher values of aPTT and PT were measured, indicating a potential anticoagulant activity. No significant effects on blood clotting strength and complement activation were registered up to 1 mg/mL CDs. On the contrary, the CDs at 0.01 and 0.1 mg/mL caused a significant expression of P-selection on the thrombocyte membrane, which refers to platelet activation [116]. Although this experimental work presents some inconsistencies in the sampling spots, it represents the baseline for hemocompatibility studies on CDs, and finally suggests that the effects of CDs are strongly related to particle concentration. In this specific case, most of the parameters affecting blood compatibility were within the normal range until the CD concentration remained below 1 mg/mL, while several adverse effects were shown at higher CD concentration [116]. The same authors showed promising biocompatibility properties of fluorescent CDs conjugated with hyperbranched polyglycerol, which had improved performances in terms of RBCs morphology and hemolysis respect to bare unmodified CDs [117]. Minimum RBC toxicity and negligible hemolytic effect were confirmed by different experimental in vitro studies with CDs at concentration up to 2.0 mg/mL [118,119], while only slight effects were observed on the α-helix structure of BSA following incubation with CDs derived from sugarcane molasses [119]. An in vivo toxicology testing showed normal values for the hematology parameters, including white blood cells, red blood cells, hemoglobin concentration, and platelet count following CDs injection in female Balb/c mice over 90 days [17]. Moreover, little cytotoxicity on mouse embryonic fibroblasts and no blood coagulation or RBC aggregation effect were enhanced in mice treated with cationic CDs [120].



Much work is still required in order to better clarify the fate of CDs exposed to blood and specific responses need to be evaluated on a case-by-case basis considering the origin, synthesis process, and surface chemistry of the different types of CDs.




6. Carbon Nanotubes


Carbon nanotubes in their simplest form, i.e., single-wall carbon nanotubes (SWCNTs), consist of a single sheet of graphene rolled up in a seamless tubular form with a diameter of a few nanometers and typical length in the range of a few micrometers [121,122]. They were discovered in 1993 by the same research group that a couple of years earlier identified, for the first time by electron microscopy, what they called “multi-walled carbon nanotubes” (MWCNTs), complex structures formed by two or more graphene cylinders aligned concentrically along the main axis [123]. Significant improvements have been reached over the years in the synthesis, characterization, and functionalization of CNTs, allowing for a more massive production of nanotubes with increased quality in terms of purity, dimension and chirality control, surface chemistry, and dispersibility in aqueous media. Exceptional length/diameter aspect ratio (up to 107), mechanical strength, and chemical and thermal stability [122], heat conduction, gas adsorption, and semiconducting behavior are some of the special properties that encourage the use of CNTs in a range of applications. In the biomedical field, the peculiarities of CNTs have been exploited to develop temperature- or pH-triggered delivery systems for proteins, DNA, anticancer drugs [124], or vaccines [125], or to improve the structural and electrical characteristics of composite scaffolds for bone, myocardium, or neural tissue engineering [126]. Moreover, CNTs have been used to produce sensors for glucose, cancer biomarkers, and nucleic acids [8], as well as patterned surfaces for stimulating cell growth and differentiation.



CNTs have shown tremendous potential for biomedical applications and for this reason they have been studied more extensively than other CNs in terms of biological response and hemocompatibility. However, the toxicity of CNTs is still a controversial issue. Contrasting outcomes have been found, depending on sample geometry, dimensions, presence of impurities, as well as surface chemistry and functionalization [127,128]. The topic of CNT biocompatibility opens a broad chapter that still does not offer definitive answers, and which we cannot discuss here for the sake of brevity.



Numerous literature studies have examined the different aspects involved in the interaction of SW- and MW-CNTs with blood. Several spectroscopic and molecular modeling approaches have been used to characterize protein adsorption from single protein solution or from more complex mixtures, blood serum or plasma, laying the groundwork for a better understanding of the molecular basis of CNT-protein interactions. In general, experimental investigations have shown that protein adsorption is a spontaneous process taking place when CNTs are immersed in a physiological fluid and that the formation of a protein corona at the nanoscale depends on the combination of several factors related to the properties of both nanomaterials (e.g., curvature, aspect ratio, presence of functional moieties) and proteins (e.g., structure, presence of hydrophilic/hydrophobic domains, aromatic or charged amino acids) [28,129]. It has also emerged that the process of adsorption to CNT surface leads, in most of the cases, to protein denaturation. Different types of intermolecular forces can favor protein binding to CNTs. In particular, hydrophobic interactions seem to play a central role thanks to their additive effect that involves multiple contact points between the CNTs and the hydrophobic domains of the proteins in an attempt to minimize exposure to the hydrophilic environment [130]. Amphiphilic protein molecules can surround the CNTs by turning their hydrophobic residues towards the tubes and exposing their hydrophilic domains to the aqueous media. Hydrogen bonding and electrostatic forces are also actively involved in the protein corona formation [131,132], while π-π stacking interactions can occur between the aromatic rings in the CNT structure and aromatic amino acids (histidine, tryptophan, and, to a minor extent, phenylalanine) [130]. Experimental analyses based on single protein solutions showed that both pristine and surface-modified SWCNTs and MWCNTs incubated with BSA can form stable bioconjugates with protein molecules. Nonspecific electrostatic interactions dominate in the case of MWCNTs [133], while also hydrophobic interactions [134] and π-π stacking participate to BSA-CNT bond in the case of carboxylated CNTs (Figure 7) [135]. BSA molecules are significantly destabilized by the interactions with CNTs and substantial structural changes can arise in the protein secondary and tertiary structure [135,136,137,138]. A decrease by 14.06% in the content of the alpha-helix structure was measured, for example, in BSA exposed to COOH-SWCNTs [134].



The study of the influence of CNT geometric features on protein adsorption lead to discordant findings with some authors demonstrating stronger BSA adsorption and molecular unfolding on small CNTs with large surface area [139], and some other showing an inverse relationship between BSA protein adsorption and surface curvature [140].



Protein adsorption experiments from single protein solutions often represent oversimplified systems that differ from real physiological conditions. In biological fluids, in fact, the competition between different proteins is a significant phenomenon and the access to specific regions of a given protein species could be influenced by other species in the mix. Blood plasma, in particular, includes hundreds of proteins in a wide range of MW and with different specific functions. An extensive analysis of protein adsorption from human blood plasma on different MWCNTs functionalized by carboxyl- and ammonium-groups was recently published by Nicoletti et al. [141]. By means of mass spectrometric analysis, the authors were able to detect the characteristic patterns of proteins adsorbed on pristine and functionalized CNTs, revealing a high affinity of proteins for CNTs. The absence of any significant differences in the composition of hydrophobic, basic or acidic residues of bound proteins led the scientists to exclude any correlation between the chemical functionalization of CNTs and the primary sequence of adsorbed proteins. Selective adsorption of IgG and enrichment of some low-abundant plasma proteins as apolipoproteins and complement components, were enhanced on MWCNTs [141], in agreement with previous studies [142]. According to De Paoli et al., Fng, has, and IgG are among the main components forming the protein corona on COOH-MWCNTs after incubation with human plasma, together with other relatively abundant proteins like hemoglobin, blood coagulation factors, and proteins related to complement and immune systems [131]. Coagulation proteins, IgG, apolipoproteins, and proteins of the complement system were also found to bind PEG-SWCNTs modified with 2 kDa MW polyethylene glycol chains [143]. Due to their small size, low molecular weight proteins (<54 kDa) seem to have a strong binding affinity for MWCNTs [144]. However, despite its large molecular dimensions (340 kDa MW and 45 nm length ca.), fibrinogen showed selective binding capacity to DWCNTs [145] and MWCNTs [131] as well as unexpectedly higher binding affinity to SWCNT respect to albumin [146]. HSA, the most abundant protein in blood, was preferentially adsorbed on pristine SWCNTs following incubation with human plasma or serum [147], but it did not present specific affinity for surface-modified CNTs [148].



Although it is difficult to draw general conclusions, CNTs have often been found to interfere with proteins inducing conformational changes. Modification of the secondary and tertiary structure was registered for albumin [134,135,136,137,139] hemoglobin, myoglobin [149], and other proteins [131,150]. The extent of this effect is a critical parameter to be investigated, since conformational alterations could lead to severe modification of protein functionality or affect the subsequent interactions of the CNT-protein system with cells, platelets, and other biological components, finally determining the fate of the nanotubes in the biological system [129]. The adsorption of complement components to carbon nanosurfaces and modification of their structural configuration may lead to the activation of the complement system and consequently induce inflammation, granuloma formation, or other side effects, such as acute allergic-like reactions and anaphylaxis [151,152]. Investigating the consumption of the complement system from human serum by single- and double-walled CNTs, Salvador-Morales et al. showed that all the types of CNTs tested activated the complement system in a dose-dependent manner via both classical and alternative pathways, with dominance of the classical pathway related to C1q binding in the case of SWCNTs [145]. Conversely, direct binding of C1q and C1s-C1r-C1r-C1s catalytic subunit was detected by TEM imaging on MWCNTs but not on SWCNTs [153]. C1q and C1s-C1r-C1r-C1s were tidily distributed on the side walls of MWCNTs, but no evidence of activation of the C1q complex was found. In a recent quantitative analysis, the complement components C1, C4a and C4b have been identified in the protein corona of COOH- and N-functionalized MWCNTs, confirming the potential of MWCNTs to activate the complement system via the classical and alternative pathways and suggesting a possible role of CNTs as initiators of local inflammatory reaction via the C4a component [141]. Moreover, the consumption of C3 and C5 (which is a marker of MAC-Membrane Attack Complex formation) was registered following incubation of both pristine and derivatized CNTs in human serum (Figure 8) [154]. As the products of complement activation (i.e., C3b, C4b, iC3b, C3d, etc.) may act as adjuvants in the immune response to foreign materials and trigger phagocytosis and effector cytokine response, the potential of CNTs to activate the complement system is a cause of concern for possible adverse responses, like inflammation and granuloma formation [155]. Attempts to modify CNT surface by pre-absorption of proteins (e.g., HSA) or immobilization of molecules (e.g., PEG) have shown potential reduction but not complete exclusion of complement system activation [151,156,157].



The thrombogenic potential of CNTs has been studied both in vitro and in vivo. Burke et al. analyzed the thrombogenic behavior of pristine, COOH- and NH2-functionalized MWCNTs, reporting in vitro activation of the intrinsic coagulation cascade as measured by aPTT assays [158]. This effect was influenced by CNTs functionalization, with carboxylated nanotubes presenting the highest prothrombotic capacity. Specific interaction of functionalized MWCNTs with factor IXa and stimulation of its enzymatic activity may be the mechanisms contributing to accelerate the propagation of the intrinsic clotting cascade [158]. Activation of the coagulation system through the contact pathway was instead hypothesized by Sokolov et al., who showed that carboxylated SWCNTs significantly shortened the clot formation time in whole plasma, but not in plasma lacking the coagulation factor XI [159]. In some cases, the analysis of CNT-related thrombosis produced different outcomes depending on whether the tests were conducted in vitro or in vivo. For example, in the study of Burke et al., platelet activation in vitro was triggered by NH2-MWCNTs rather than by pristine or COOH-MWCNT, while pristine MWCNTs induced higher pro-coagulant activity when injected in mice, as related to decreased platelet counts and increased von Willebrand Factor (vWF) and D-dimer levels [158]. Prothrombotic activity of SWCNTs and MWCNTs, even at low doses, was demonstrated by several in vivo studies considering systemic administration in rodent animal models [160,161,162,163].



The potential of pristine MWCNTs to induce platelet activation and aggregation was reported by Semberova et al., who also showed considerable release of platelet-derived microparticles (PMPs), i.e., membrane vesicles with marked procoagulant activity [164]. The same authors demonstrated that the mechanisms underlying platelet activation by CNTs involve extracellular Ca2+ influx. However, modification of intracellular Ca2+ levels were not related to any damage in the platelet plasma membrane, but rather to store-operated Ca2+ entry [165]. In a later study, the same research group proved a strong effect of the protein species forming the CNT corona on blood platelet [131]. Bare carboxylated MWCNTs induced the activation of PLTs and release of PMPs, while the pre-adsorption of IgG molecules minimized PLT aggregation, although inducing PLTs fragmentation and PMP release. On the other side, the adsorption of HSA and, to a lower extent, Fng on COOH-MWCNTs did not affect platelets morpho/functional characteristics and attenuated PLT aggregation. It was also observed that the highly alkaline plasma protein histone H1 adsorbed to COOH-CNTs caused significant damage to PLTs membrane, PMPs production and PLT aggregation even at higher level than uncoated COOH-CNT [131]. A larger degree of platelet activation was achieved by functionalized long MWCNTs compared to short ones, with a marked reduction in platelet viability induced by long NH2-MWCNTs (Figure 9) [166]. CNTs affected blood coagulation by shortening the fibrin clot formation times and inducing hardening (long NH2-MWCNTs) or softening (long COOH-MWCNTs and short NH2-MWCNTs) of the blood clot, respectively [166].



Pristine and functionalized (CONH2-; COOH-; OH-; and PEG-) SWCNTs were shown to activate platelets and to promote platelet-granulocyte complex formation with different intensity in human whole blood [162,167] with exception of OH-SWCNTs. PEG-coated SWCNTs presented the highest platelet activation and aggregation capacity, as well as abundant formation of PLT-granulocyte complex. This result is quite surprising, considering that PEGylation is a common strategy used for improving the biocompatibility of NP and reducing their potential recognition from the mononuclear phagocyte system [168]. PLT activation and PLT-granulocyte formation were supposed to be related to a lower degree of HSA adsorption to PEGylated SWCNTs respect to other functionalized CNTs, as supported by the thesis of Vakhrusheva et al., which suggested a protective effect of adsorbed HSA against platelet activation [169]. P-selectin expression and formation of platelet-granulocyte complexes following contact with SWCNTs was confirmed by other in vivo measurements [163]. AFM imaging evidenced effective protein binding on the sidewalls of PEG-SWCNTs following incubation with HSA, Fng and IgG [170]. These three test proteins were adsorbed to PEG-SWCNTs in comparable amounts, despite having different concentration in plasma. Relatively high concentration of adsorbed Fng and IgG may, thus, play a significant role in platelet aggregation and activation of neutrophils when PEG-SWCNTs are exposed to blood. PEG-SWCNTs caused dose- and time-dependent activation of neutrophils in blood. In particular, the levels of neutrophil activation markers and oxidative stress for IgG-treated CNTs were about double if compared to untreated PEG-SWCNTs [170], supporting the hypothesis that adsorbed IgG may affect neutrophil response to PEG-SWCNTs.



Carbon nanotubes in their pristine form or with covalent (e.g., amine, alcohol, carboxylate) or non-covalent (e.g., PEG) surface modifications showed no hemolytic activity in the study of Canapè et al. [171]. In vitro analyses showed that SWCNT, and in particular oxidized SWCNT, were not internalized by RBCs even at relatively high doses and did not induce hemolysis or toxic effects on human RBCs [172]. On the other hand, acid functionalization of SWCNTs caused nanoparticle uptake by murine erythrocytes in vivo, as well as externalization of phosphatidylserine (an early marker of apoptosis and cell death) on RBCs membrane and dose- and time-dependent hemolysis in mice [173]. Further adverse effects, like sustained anemia following administration of poly-dispersed acid-functionalized SWCNTs, have been registered in mice and related to the uptake of acid-functionalized SWCNTs by early precursors of erythroid differentiation [174].



CNT dispersion seems to be a factor influencing their hemocompatibility, as proven by a recent study showing that bundled SWCNTs had higher hemolytic activity respect to dispersed SWCNTs and induced significant modifications of RBC shape and fusion [175].



In conclusion, CNT thrombogenic potential still represents a critical issue for drug delivery and other biomedical applications, and the strategies adopted till now to modify CNT surface are only minimally effective in preventing adverse thrombotic events. Although numerous literature studies on CNT interaction with blood components are currently available, no definitive answer has been found so far and further efforts need to be devoted to providing a complete and comprehensive answer on CNTs hemocompatibility.




7. Graphene-Based Nanostructures


Graphene is a relatively novel material, consisting of a single layer of sp2-hybridized carbon atoms arranged in a regular honeycomb structure. Its discovery took place in 2004 at the laboratories of the University of Manchester by A. K. Geim and K. S. Novoselov and rapidly gained an exceptional resonance in the field of materials science, so that in 2010 the authors were awarded the Nobel Prize in Physics [176]. Besides being by far the first 2D material ever isolated, graphene has unique properties due to its structure and electronic spectrum. Graphene has in fact excellent mechanical characteristics, with an elastic modulus that approaches 1 TPa and fracture strength of 130 GPa [177], theoretical specific surface area of 2630 m2/g, and high electrical and thermal conductivity combined with optical properties [178,179].



Graphene oxide (GO) and reduced graphene oxide (rGO) are oxidized analogues of graphene with some discontinuities in the hexagonal lattice due to a variable portion of oxygen-based functional groups. GO is characterized by the presence of hydroxyl and epoxy-like groups in the basal plane as well as mainly carbonyl and carboxyl groups at the sheet edges [180]. rGO can be obtained by chemical, thermal, or electrochemical reduction of GO, and has a final structure similar to graphene, with a much lower content of oxygen functional groups with respect to GO. Different methods of preparation and processing can lead to graphene derivatives with a variable degree of oxygenation. Unlike graphene, GO has a hydrophilic character and can be easily dispersed in water and other polar solvents with long-term stability thanks to the presence of polar (-OH, -O-) and charged (-COO−) oxygen-rich groups [181]. The presence of active chemical groups and of surface free π electrons allows the formation of both covalent and ionic bonds, hydrogen and π-π interactions, and makes the GO sheets easy to functionalize, with special attractiveness in the biomedical field. A series of biomolecules can thus be immobilized to GO surface to improve its colloidal stability, to reduce possible toxic effects and to impart GO with diagnostic or therapeutic capabilities [182]. The impact of the discovery of graphene and its derivatives after only 15 years is noteworthy, as many applications in different fields of technology have been proposed to date, like electronic devices (e.g., transparent conductors and ultrafast transistors) and high-performance materials for energy generation and storage. A number of graphene-based applications have also been proposed in the biomedical field [183], including drug and gene delivery [182,184], photodynamic and photothermal therapy [185,186,187,188], bioimaging [189], and biosensing [190,191]. Graphene-based materials also exhibited attractive antimicrobial activity [192] and several interesting approaches have included graphene or graphene composites as scaffolds for tissue engineering and regenerative medicine with applications including nerve, bone, cartilage, skeletal muscle, skin, and myocardium [193,194].



Due to the nature of graphene-based materials it is possible to assume that the interaction of graphene and rGO with blood proteins is dominated by weak interactions, including hydrophobic interactions and π-π stacking. On the other hand, the abundance of reactive functional groups on GO enables protein absorption through a synergistic effect involving covalent and non-covalent bonds [195]. Different peptides, proteins and enzymes (e.g., HRP, heparin, polylisine, etc.) have been immobilized on GO surface via direct binding to intrinsic surface functional groups, π-π stacking, and/or hydrophobic interactions [195], showing extreme easiness of protein adsorption to GO surfaces. The interaction of graphene and GO with single proteins has been assessed in terms of binding affinity, action mechanisms, as well as conformational and functional modifications. A recent study considered albumin adsorption to four different types of nanosheets, including pristine GO or GO sheets modified by carboxylic groups (COOH), polyethylenimine (PEI), and chitosan (CS), showing that HSA was readily adsorbed to the GO-based sheets with a higher affinity for pristine GO, followed by COOH-GO, CS-GO, and PEI-GO in that order [196]. From isothermal titration calorimetry analysis, it was concluded that HSA interacted with GO and COOH-GO mainly via hydrogen bonding, while hydrophobic interactions contributed to HSA adsorption to PEI-GO and CS-GO surfaces. Moreover, the authors suggested that GO affected HSA functionality by blocking the protein active sites or destroying its original structure [196]. Kenry et al. investigated the molecular interaction of GO sheets with lateral size distribution in the range between 0.280 µm and 4.138 µm with three of the most abundant human blood plasma proteins, namely HSA, Fng, and γ-IgG. Interestingly, protein adsorption showed a clear size-dependent behavior, with HSA adsorption increasing and Fng decreasing linearly with increasing GO mean lateral size (Figure 10) [62]. Based on these results, large GO nanosheets may, thus, have better hemocompatibility compared to smaller ones, due to a higher albumin-to-fibrinogen adsorption ratio. Quantitative parameters describing plasma protein binding to GO (i.e., quenching efficiency, association and dissociation constants, and binding cooperativity) were obtained from the spectroscopic analysis of protein fluorescence quenching induced by GO with different lateral dimensions. The data suggested the occurrence of direct interactions between GO and chromophore residues (tryptophan, tyrosine, phenylalanine) in the three proteins investigated, as well as possible conformational changes [62], in agreement with previous studies [197].



Dose-dependent quenching of serum protein intrinsic fluorescence was confirmed to take place upon interaction with GO, with higher adsorption efficiency at lower nanosheet concentration. Moreover, higher adsorption efficacy was found for GO with respect to rGO [198]. Conformational studies proved that HSA structure was preserved following exposure to GO sheets, while an increasing effect on Fng secondary structure was enhanced with increasing GO concentration from 20 mg/mL upwards [62]. The same authors proved that albumin was irreversibly adsorbed to GO and maintained its passivating properties, contributing to reduce blood clot formation [199]. The application of HSA-GO conjugates as antithrombotic surface coatings was therefore suggested. In a comparative study, Chong et al. analyzed the adsorption kinetics of GO (0.5–3 um lateral dimension), rGO (0.5–3 µm lateral dimensions) and ultrapure SWCNTs (outer diameter < 2nm; 5–30 um length) from four of the most abundant plasma proteins, including BSA, bovine serum Fng, immunoglobulin (Ig) and transferrin (Tf) [200]. They found that all the nanomaterials tested had preferential affinity for bovine Fng followed by Ig, Tf, and BSA in decreasing order. GO and rGO presented a much higher protein adsorption compared to SWCNTs, suggesting that proteins prefer flat graphene surfaces to curved CNTs. The four tested proteins underwent substantial changes in their secondary structure when adsorbed onto GO sheets and followed different adsorption models. BSA and Tf presented a uniform mode of adsorption that included the decrease in alpha-helical features and increase in beta-sheet content after 5 min of contact with GO, while Ig and Fng exhibited a heterogeneous adsorption pattern with radical changes in their CD spectra from 5 min to 60 min incubation time [200]. Molecular dynamics simulations supported the hypothesis that π-π stacking and hydrophobic interactions drive protein (bovine Fng) adsorption to GO surfaces (Figure 11) [200].



Conformational changes in the protein molecular structure following interaction with GO sheets have been confirmed by other literature studies based on fluorescence experiments and circular dichroism (CD). For example, Feng et al. showed that at low GO concentration (0.001–0.1 mg/mL) BSA was adsorbed maintaining mainly alpha-helix configuration, while at 0.5 mg/mL some modifications were induced in the BSA secondary structure. When GO was incubated with fibrinogen solution, the alpha-helix content of Fng molecules gradually decreased with increasing GO content, with evidence of structural changes when GO concentration was in the range from 0.05 to 0.5 mg/mL [201]. In a recent research paper, Castagnola and colleagues studied the protein corona adsorbed on the surface of graphene nanoflakes directly exfoliated and dispersed in human serum [202]. Besides demonstrating the stability of graphene dispersion in biological fluids, the authors documented by mass spectrometry that the major families of adsorbed proteins were lipoproteins (26%), albumin (10%), immunoglobulins (10%), hemoglobin (5%), and proteins of the complement (5%) and coagulation (3%) systems. Apolipoprotein A–I was the most abundant among the lipoproteins found in the corona and TEM analysis showed the availability of functional epitopes relevant in promoting specific recognition pathways (e.g., cell receptors) [202]. Mao et al. showed that albumin was the dominant component of the hard corona when graphene was incubated with low protein concentration, while some low MW proteins were enriched by graphene from protein mixtures at higher concentration [203]. High-MW proteins were reported to adsorb to pristine and reduced GO surfaces through hydrophobic interactions, while significant aggregation of rGO was supposed to be the cause of an unexpectedly less abundant adsorption on hydrophobic surfaces of more reduced GO [204].



Few studies in the literature considered the interaction of graphene derivatives with the complement system. It was suggested that GO can activate the complement cascade through calcium-sensitive pathways, as proven by dose-dependent increase of SC5b-9 and C4d in human serum following exposure to GO [205]. Surface oxygen content significantly affected the degree of complement activation. Linear correlation was found between the levels of both C5a and SC5b-9 and the concentration of oxygen rich groups on GO surface when GO was tested in solution, while the opposite behavior was measured for immobilized GO [205]. Oxygen-dependent complement response was supposed to be due to a combination of surface functionalities and topographical changes on GO sheets. It was also demonstrated that GO in solution at concentration below complement activating threshold did not induce IL-6 release with protective effect against lipopolysaccharide-stimulated response in human blood leukocytes [205].



A protein coating inhibiting complement activation was obtained by non-covalent GO functionalization through spontaneous protein adsorption. In particular, GO surface modification with factor H (a complement regulatory protein) and albumin was effective in reducing GO-induced complement activation by 90% and 40%, respectively, if compared to pristine GO [206]. According to the authors, this strategy represents an effective way to improve GO properties to mask complement-activation and hinder adverse immune response. As regarding the immunotoxicity of graphene and its derivatives, a systematic review of the studies conducted in vitro and in vivo to can be found in some recent comprehensive publications [207,208,209], which are considering the different aspects involved in defense mechanisms triggered by graphene-based materials on both the innate and adaptive immune system and the role of protein corona in guiding the interactions with immune cells.



The hemocompatibility of graphene, both pristine (hydrophobic) and functionalized by nitric acid treatment (hydrophilic), was analyzed by Sasidharan et al. [210]. The concentration of free hemoglobin in plasma following incubation with all the different graphene samples was significantly negligible compared to the positive control (Triton X-100), thus excluding the hemolytic effects of the graphene nanoparticles up to 75 µg/mL. Flow cytometry analysis showed the absence of P-selectin expression on platelet cell membrane, demonstrating that platelets are not activated by graphene, either pristine or functionalized with carboxyl, epoxy or hydroxyl groups [210]. Moreover, platelet count analysis enhanced no signs of platelet aggregation in graphene-treated human blood and PT and aPTT tests assessed the normal function of the coagulation system from both the extrinsic and intrinsic pathways. In summary, this paper showed that the tested graphene particles did not affect RBCs and did not interfere with platelet function and coagulation pathways, suggesting a non-thrombogenic behavior of pristine and functionalized graphene [210]. Concerns regarding GO hemocompatibility have been raised by Shingh et al., who revealed the prothrombotic behavior of GO both in vitro and in vivo. In particular, they showed that GO caused severe platelet aggregation in vitro through fibrinogen-mediated mechanisms and a less marked, though important, platelet activation effect [211]. Based on an in vivo thrombosis model, it has been confirmed that GO has a strong thrombogenic effect as it induced extensive pulmonary thromboembolism when injected intravenously into mice at 250 µg/kg body weight. GO caused a significantly greater platelet aggregation level in vivo as compared to rGO, as well as a higher number of lung vessel occlusion, demonstrating the key role of surface charge distribution in platelet activation/aggregation and thrombotic response to graphene-based nanomaterials [211]. In another manuscript it was reported that the hemolytic ratio induced by GO suspension at the dosage of 10–80 µg/mL was similar to PBS after 1 h incubation with RBCs. However, the hemolysis ratio was dose- and time-dependent, with maximum values around 20% after 6 h incubation with GO at a concentration of 80 µg/mL [212]. Intravenous administration of GO in mice caused significant pathological changes in various tissues and organs when high doses (10 mg/kg body weight) were used, but not at lower doses (1 mg/kg body weight). Interestingly, GO exhibited long blood circulation time (half-time 5.3 ± 1.2 h) in comparison with other CNs [212]. In addition to showing dose-dependent hemolytic activity of graphene sheets and GO, Liao et al. found that smaller (sonicated) GO caused higher hemolysis respect to larger (untreated) ones (Figure 12), and that aggregated graphene sheets had lower detrimental effect on the erythrocytes in comparison to individually dispersed GO sheets with higher surface oxygen content [213].



Recent studies of GO interactions with model and cell membranes have shown that GO interacts with neutral and negatively charged lipid membranes, leading to the rupture of neutral membrane vesicles but not of negatively charged ones. Coating GO with lipid membranes (e.g., phosphatidylcholine) was, thus, proposed as an effective strategy for decreasing the hemolytic effect of pristine GO [214].



Different factors have been reported to contribute to GBN-induced cell toxicity, including lateral size, surface structure, presence of sharp edges, surface charge, oxygen content, functionalization, presence of impurities and particle aggregation [215]. Similarly, the same factors can affect the interactions of GBNs with plasma proteins and blood cells, including erythrocytes [200,216]. The effect of the blood protein corona in reducing the strong size-dependent hemolysis induced by pristine GO was demonstrated by Papi et al. [217].



Several functionalization strategies based on covalent and non-covalent immobilization techniques have been investigated to reduce GBN toxicity, or to improve their appropriateness for drug delivery etc., including attachment of biomolecules (e.g., proteins, lipids, mono- or poly-saccharides, etc.) and functional groups. Carboxylated GO-lanthanum complexes have shown <5% hemolysis [218], while mannosylation of GO decreased the amount of proteins in the hard corona and contributed to about a 75% reduction of GO-induced hemolysis, as possibly related to a decrease of electrostatic charges on mannosylated-GO respect to pristine GO [219]. An increased degree of graphene surface fluorination [220] or COOH+-implantation [221] was found to reduce considerably the adhesion and aggregation of platelets, while maintaining low hemolysis levels comparable to pristine graphene. Based on different in vivo studies, dextran-coated GO had maximum tolerable dose between 50 mg/kg and 125 mg/kg, with a blood half-life <30 min, with no effects in the cardiovascular parameters or hematological factors, including total hemoglobin concentration at doses <125 mg/kg [222]. When testing the hemotoxicity of GO nanostructures functionalized with arginine, lysine, and ginsenoside Rh2, Zare-Zardini and colleagues found that pristine GO had the highest values of hemolysis (50% hemolysis at 250 µg/mL particle concentration), while Rh2-functionalized GO showed the lowest hemolysis activity and the lowest effect on the intrinsic and extrinsic coagulation systems [223].



A very broad panorama emerges when exploring the interactions of graphene and its derivatives with blood components. An updated review of the literature shows that several factors may be involved, including GBN size, zeta potential, concentration, dispersion and degree of reduction of GO and rGO sheets [198], surface functionalization, as well as environmental conditions [195]. All these factors should be considered and appropriately tuned to direct the host response to graphene-based nanostructures towards the desired hemocompatibility.




8. Comparative Analysis


On the whole, numerous studies considering the interactions of CNTs and GBNs with blood and its components have been proposed in the literature, while less extensive investigations have been conducted on NDs, CDs and fullerenes, and only few comparative analyses have examinedthe hemocompatibility of different types of CNs simultaneously. For instance, CNTs and GBNs have been compared, since CNTs can be seen as rolled-up graphene sheets, and the effect of surface curvature on protein binding has been evaluated. Although several discordant theories have been proposed, the most accredited ones, based on both simulations and experimental analysis, indicate a higher protein absorption as the surface curvature of the CNs decreases, with a dramatic enhancement in protein adsorption capacity on 2-D CNs compared to 1-D CNs. [140,142,200,224]. Studying protein adsorption from human serum on three different CNs, including carbon black, MWCNTs, and GO [142], Sopotnik et al. found that MWCNTs had a significantly higher affinity for HSA respect to GO but GO absorbed serum proteins other than albumin in greater amount and in a wider spectrum. The authors also showed that when the different CNs were incubated with cholinesterases, the lowest adsorption and enzyme inhibition occurred with MWCNTs, as possible consequence of a higher surface curvature respect to GO. Another recent study analyzed the interaction of three major blood proteins (i.e., HSA, human γ-globulin, and Fng) with different carbon nanomaterials, namely carbon nanotubes (COOH-MWCNTs), graphene nanoplatelets (GNPs), and porous graphene oxide (PGO) [224], showing that the formation of nanomaterial-protein complexes took place with different loading capacity depending on the protein type. Albumin was preferentially adsorbed onto GNPs, followed by COOH-MWCNTs and PGO, while γ-globulin and large Fng molecules were adsorbed with highest loading capacity on PGO, which presented high surface area and higher density of oxygenated functional groups. The presence of oxygen-based surface functional groups also influenced the fluorescence quenching efficiency, which was higher for CNTs than for GNPs. In agreement with other authors [225,226,227], Kenry and colleagues concluded that the influence of CNs on plasma components is protein-specific and depends on several characteristics of the nanomaterials, such as abundance of oxygenated functional groups (e.g., C-O and C=O), surface curvature, and surface area [224].



Regarding the interaction with platelets, SWCNTs and MWCNTs at the concentration 100 μg/mL showed high platelet aggregating activity (>25%), while C60 fullerene (nC60) and fullerenol (C60(OH)24) did not present any significant platelet aggregation [164]. Additionally, a study focused on the hemocompatibility of oxidized NDs for biomedical applications showed that NDs have significantly better hemocompatibility if compared to GO both in terms of hemolytic activity and coagulation response [83].



With the information available so far, it is hard to compile a hemocompatibility ranking of CNs. Table 1 attempts to summarize the current knowledge on the response of different carbon-based nanostructures to blood components and to facilitate the comparison of the different classes of CNs considered in this manuscript.



According to the data available so far, biological responses at different levels can be triggered by blood exposure of different types of CNs. Most CNs induce some kind of activation, with critical outcomes in particular for CNTs. Basic surface modifications, including for example carboxyl or amine functional groups, did not induce considerable improvements of hemocompatibility. 0-D nanostructures, such as NDs and CFs, exhibited some promising results, with a high level of toleration and absence of adverse thrombotic events in most of the in vivo studies performed so far. As for CDs, further investigations are needed to better define the hemocompatibility of this new class of CNs that includes a wide range of nanoparticles that can be synthesis with several different approaches. Relatively good performances in terms of blood compatibility have been reported for graphene, possibly related to its ability to bind plasma proteins through stable hydrophobic interactions and π-π stacking. However, pristine graphene is unlikely to be used in biomedicine since it is hydrophobic and poorly dispersible in organic fluids. On the other hand, the more easily dispersible and functionalizable GO hydrophilic sheets present more challenging interactions with blood, and can induce increasing adverse events, such as hemolysis, PLT and complement activation, with increasing nanoparticle concentration and surface oxygen content.



To date, the state of the art does not provide definitive answers to the complex question of CN hemocompatibility. Several issues still need to be addresses (see empty boxes in Table 1), and contradictory results must be better clarified. Research should now be directed to expand the knowledge of CN hemocompatibility with a global approach and, on the other hand, to look for surface modifications that can improve the hemocompatibility of the various types of CNs and expand their functionality while preserving their specific key characteristics.




9. Conclusions


Among the various types of nanoparticles recently discovered, nanosized carbon allotropes have gained significant consideration in the biomedical field thanks to their ground-breaking characteristics (optical, electrical, mechanical, etc.) associated with versatility and ease of production and functionalization. Hemocompatibility is a major concern for nanomedicine since the use of nanostructures for diagnostic, therapeutic and regenerative medicine purposes is restricted to the absence of adverse events following injection into the blood stream.



This review summarizes the state-of-the-art of the phenomena taking place at the molecular and cellular level when CNs are exposed to blood, including plasma protein adsorption, platelet activation/aggregation, thrombus formation, activation of complement and leukocytes, and hemolysis. Different types of CNs have been considered in detail, including nanodiamonds, fullerenes, carbon dots, carbon nanotubes, and graphene. Although they are all carbon-based structures, many factors differentiate them and influence their interaction with blood components. Physicochemical properties, such as shape, curvature, surface energy, local charge, crystallinity, and hydration, play a key role in guiding protein adsorption phenomena at the blood–CN interface and the composition and conformation of the protein corona can, in turn, contribute to modulate the overall hemocompatibility response. If different types of CNs show different responses, even within the same class there may be discrepancies in behavior due to factors such as size, particle aggregation/dispersion degree, or presence of surface functionalization.



Significant progress has been made in recent years in the analysis of protein corona and hemocompatibility of CNs, however several studies often show discordant results, as partly due to the variability of nanoparticle production and purification methods, to the presence of contaminants or surface functionalization. This implies that the blood compatibility of CNs should be thoroughly assessed on a case-by-case basis. An in-depth knowledge of the biological events occurring as a result of CNs exposure to the blood environment, as well as possible strategies to improve CN hemocompatibility are fundamental for the development of advanced diagnostic and therapeutic systems based on carbon nanostructures.
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Figure 1. Main forms of carbon nanostructures (not to scale). 
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Figure 2. Schematic representation of the main biological processes that can occur at the blood-biomaterial surface. Reproduced with permission from [54]. 
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Figure 3. (a) Hemolysis percentages measured by exposition of RBCs to ND (35, 100, 250, and 500 nm in diameter) and graphene oxide (GO) samples at the concentration range of 25–400 μg/mL. Reproduced with permission from [83]. (b) Activated partial thromboplastin time (aPTT) assays of GOs and oxidized NDs of different size using human serum. ** p < 0.01 and *** p < 0.001 Reproduced with permission from [83]. NDs showed significantly lower hemolysis respect to GO and values comparable to saline negative control for the aPTT. 
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Figure 4. Nanodiamond interaction with human RBCs. Fluorescence (a,d,g), bright field (b,e,h) and merged optical microscopy images (c,f,i) of 100 nm (a–c) and 5 nm (d–i) nanodiamond particles. The images show larger NDs (100 nm) attaching to the cell membrane and smaller NDs (5 nm) penetrating inside the erythrocytes. Reproduced with permission from [86]. 
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Figure 5. CD spectra of BSA (A) and γ-globulins (B) in the presence of different concentrations of fullerenol. With the addition of fullerenol the characteristic bands of BSA and γ-globulins did not show significant changes, suggesting that fullerenol did not induce any perturbations in the protein secondary structure. Reprinted from [97], with permission from Elsevier. 
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Figure 6. (a) Hemolysis ratio of RBCs induced by fluorescent carbon dots with different concentrations. (b) SEM images showing the morphology and aggregation of RBCs incubated with the fluorescent carbon dots at different concentrations. Reprinted with permission from [116]. Copyright 2015 American Chemical Society. 
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Figure 7. Predicted binding model of BSA molecule on COOH-MWCNTs. (A) Lowest docking energy conformation; (B) amino acid residues involved in binding interactions. According to the model, 29 amino acid residues of domain II of BSA took part in the binding interactions of BSA with COOH-MWCNTs. The presence of hydrophobic (Ala, Leu, Pro, Phe, and Val) and aromatic (Tyr and Phe) residues suggested that the binding forces between BSA and COOH-MWCNTs include hydrophobic and π-π stacking interactions. Reprinted from [135], with permission from Elsevier. 
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Figure 8. Complement consumption for total complement and C3 and C5 components induced by double walled-CNTs (DWCNTs)—pristine or coated with various plasma proteins (BSA, HSA, FBG) or Tween 20. All the CNT samples tested activated complement predominantly through the classical pathway and consumption up to C5 indicated potential formation of the Membrane Attack Complex. Reprinted from [154], with permission from Elsevier. 
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Figure 9. Platelet activation induced by four different types of functionalized CNTs, including long (L) and short (S) MWCNTs at different concentrations: 0.005 mg/ml (a), 0.05 mg/ml (b) and 0.16 mg/ml (c). Dose-dependent platelet activation was observed. At the highest concentration (c), long L-COOH and L-NH2 induced higher level of platelet activation than S-COOH and S-NH2, respectively. *: significant difference from the negative control (* p < 0.05, ** p < 0.01); #: significant difference between the indicated MWCNTs (# p < 0.05, ## p < 0.01). Reprinted with permission from [166]. 
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Figure 10. Absorbance of free plasma proteins (albumin (a), fibrinogen (b), and globulin (c)) following incubation with GO nanosheets with different lateral sizes. The * on double horizontal bars denotes statistically significant differences among all samples for p < 0.05. The ** on single horizontal bars indicate statistically significant differences for two specific samples being compared for p < 0.1 and 0.05, respectively, while n.s denotes statistically not significant. The absorption of the different protein species depends on the size and concentration of GO. Adapted with permission from [62]—Published by The Royal Society of Chemistry. 
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Figure 11. Simulated molecular adsorption dynamics of bovine Fng onto graphene surfaces. After initial contact, Fng molecules rearrange on the graphene surface due to hydrophobic interactions. The aromatics rings of protein amino acid residues Tyr (purple), Phe (orange), and Trp (blue) align with the graphene surface facilitating π-π stacking interactions. Reproduced with permission from [200]. Copyright 2015 American Chemical Society. 
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Figure 12. (a) Percent hemolysis of RBCs incubated with different concentrations of graphite oxide colloidal suspension obtained from Hummers’ method (GO) and smaller graphene oxide obtained with sonication or hydrothermal processing (bGO, pGO-5, pGO-30, and GS). (b) Photographs of RBCs after exposure to the different GO samples, with red hemoglobin in the supernatant indicating the presence of RBCs with membrane damage. The hemolysis rate was dose- and size-dependent. Adapted with permission from [213]. Copyright 2011 American Chemical Society. 
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Table 1. Main outcomes of hemocompatibility studies for different classes of CNs.






Table 1. Main outcomes of hemocompatibility studies for different classes of CNs.














	CNs
	Functionalization
	PLATELETS
	COAGULATION System
	COMPLEMENT System
	RBCs
	In Vivo





	NDs
	-COOH
	Activation and prothrombotic morphological alterations [82]
	No effect on the intrinsic pathway (normal aPTT) [81,83]
	C1q binding causes ND agglutination, phagocytosis and cytokine production [228]
	Negligible hemolysis [83,84,86].

Hemolysis [85].

Erythrocyte deformation and aggregation [86]
	Extensive thromboembolism in mice pulmonary vessels [82]. Absence of induced immune response [87] and inflammation [83] in mice. Well-tolerated in non-human primates and rats [88]



	CFs
	various
	Minimal aggregation [164]. No aggregation [99]
	Inhibition of fibrin polymerization [99]
	-
	Interaction [102,104,105] and modification of RBC membrane [101,103]. Hemolysis [103,106]
	No significant effect on the development of rat carotid thrombosis [160]. Anticoagulant effects: increased tail bleeding time and inhibited thrombosis in rats [99]. Accelerated fibrinolysis [100]



	CDs
	various
	Dose-dependent activation (P-selectin expression) [116]
	Increased aPTT and PT at 1 mg/mL and 2 mg/mL [116]
	Activation (increased C3a levels in blood plasma) at CD concentration ≥ 5 mg/mL [116]
	Membrane deformation and hemolysis at concentrations ≥ 1 mg/mL [116]. Negligible hemolytic activity [118,119]
	-



	SW CNTs
	Pristine
	Activation and formation of platelet–granulocyte complexes [162,167].

Aggregation and activation [160]
	-
	Activation through classical pathway (C1q binding) [145]
	No internalization, no toxicity [172]. Shape modification, fusion and hemolysis from bundled SWCNTs [175]
	Accelerated thrombus formation in the microcirculation [162,163]. Amplification of vascular thrombosis in rats (carotid artery) [160]



	
	-COOH
	Activation and formation of platelet–granulocyte complexes [167]
	Activation of the contact pathway [159]
	-
	Dose- and time-dependent hemolysis [173]
	Toxic effect on erythrocytes and transient anemia in mice [173]



	MW CNTs
	Pristine
	Aggregation, activation [160,165] and formation of PMPs [164]. Minimal activation [158]
	Activation of the intrinsic pathway [158]
	Activation through classical and alternative pathway [145]. Binding of C1q and C1s-C1r-C1r-C1s but no C1q activation [153]. Consumption of C3 and C5 [154]
	No significant hemolytic activity [171]
	Pro-coagulant activity in a mouse model, formation of large intravascular aggregates [158]. Amplification of vascular thrombosis in rats (carotid artery) [160]



	
	-COOH
	Minimal activation [158]. Aggregation and release of PMPs [131]. Dose-dependent activation [166]
	High activation of the intrinsic pathway [158]. Reduced fibrin clot formation times [166]
	Activation through classical and alternative pathway (C1, C4a, C4b adsorption) [141]
	-
	Little pro-coagulant effect in mice [158]



	
	-NH2
	High activation and aggregation [158]. Dose-dependent activation [166]
	Activation of the intrinsic pathway [158]. Reduced fibrin clot formation times [166]
	Activation through classical and alternative pathway (C1, C4a, C4b adsorption) [141]
	-
	Modest effects on coagulation in mice—transient PLT depletion [158]



	GBNs
	Pristine
	Absence of activation and aggregation [210]
	Normal values of PPT and aPTT [210]
	-
	No hemolytic effect up to 75 µg/mL [210] Hemolysis GS < GO [213]
	-



	GO
	Variable content of oxygen-based groups
	Strong aggregation and slight activation (GO > rGO) [211]
	Prolonged aPTT [83]
	Activation (increase of SC5b-9 and C4d levels) proportional to oxygen surface content [205]
	Dose-dependent hemolytic activity [212,213]. Change of cell morphology and hemoglobin release [83]
	Extensive pulmonary thromboembolism in mice [211]. Pathological effects when administered intravenously in mice [212]
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