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Abstract

:

Graphene oxide (GO) nanoparticles, due to their favorable water solubility, compared to graphene (GA), are a hot research topic in biomedical and pharmaceutical research. However, GO clinical translation may be complicated by its high surface/volume ratio enhancing the interaction with human blood components. In fact, GO’s bi-dimensional nature and strong negative charge may lead to severe biological effects, such as thrombogenicity and immune cell activation. This study explores the impact of further GO surface chemical modulation on major adverse effects: blood plasma coagulation and hemolysis. To this aim, we refined GO nanoparticles by fine-tuned reduction chemistry, esterification and introduction of negative or positive charges. With this approach, we were able to mitigate plasma coagulation and hemolysis at variable degrees and to identify GO derivatives with improved biocompatibility. This opens the door to the progress of graphene-based nanotheranostic applications.
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1. Introduction


Recent years have seen a burst of biomedical research on graphene-based materials (GBMs), due to the appealing physical and chemical properties of this family of nanomaterials [1,2]. GO and GO derivatives display a large set of toxicological effects in vitro and could generate variable adverse pathophysiological phenomena in vivo [3]. Hemocompatibility is the first biological action to be screened due to the rapid interaction of the material with blood solutes and cellular elements. Adverse effects of NPs and their derivatives and especially their potential interaction with plasma proteins and blood cells, the first being RBC, is an extraordinarily important subject that must be rigorously addressed [4,5]. Our choice to test RBC damage and lysis due to GO derivatives may be of special interest for the study of drug delivery using RBC as carriers [6,7,8,9]. Indeed, the membrane of RBC may be re-arranged (for example, increasing its rigidity) by the RBC-associated nanosystems in these applications, negatively impacting their medical translation [10,11,12].



The destabilization of red blood cells can lead to hemolysis and T-cell cytotoxicity [13,14,15]; moreover, it has been demonstrated that glomerular cells also display susceptibility to hemolysis [16] and red blood cell breakdown can lead to sudden kidney failure [17]. However, the formation of a protein “corona”, or the adsorption of serum proteins to the GO, has been shown to mitigate cell and red blood cell (RBC) toxicity [18,19,20], likely due to the nanosurface masking effect. Previous studies [21] showed that amino-functionalized, positively charged GO has a reduced hemolytic and thrombogenic activity, compared to negatively charged GO. In such an approach, the GO carboxylic groups were replaced by amino groups, and this resulted in a reduction in platelet activation and aggregation.



However, plasma coagulation also involves the possible activation of the “contact” coagulation cascade, where the plasma FXII (or Hageman Factor) initiates the cascade leading to fibrin deposition by recognizing surfaces with proper features. Among these features the administration of high surfaces with a negative charge, as is the case of GO, which is very critical.



The nomenclature given to GBM as well as the various methods of synthesis denote a source of misperception since, in some scientific works, what authors describe as graphene/functionalized graphene is another member of this ultrathin carbon family and this leads to (sometimes apparent) contradictions in the results ascribed to the same GBM [22,23]. If we try to narrow down the specific GO family, the effects of GO on biological systems are often compared to its reduced form, named reduced graphene oxide (rGO). Like GO, rGO can be obtained with several protocols and can be categorized by variable C/O atom ratios [24]. In some other works, GO has been compared to GBMs that are physically and chemically (i.e., addition of heteroatoms or molecules) different from rGO. Thus, the in vivo fate of the entire GBMs is largely influenced by several factors, including the way of administration, the intrinsic nanomaterial chemistry and the composition of the physiological environment. As a result, the biological outcome of GBM cannot be fully rationalizable [25,26]. Moreover, different studies have validated that GO functionalization with different chemical groups significantly reduces toxicity and enhances the biocompatibility of graphene (reviewed in [3]). Various physicochemical characteristics including lateral size, shape, dose, exposure time, number of layers, chemical composition, surface charge, stability, purity, and surface functionality can influence the fate after injection when materials are bare to the rich milieu of blood proteins [27,28,29]. The proteins in the bloodstream can determine a fast and dramatic change in the biological “identity” of nanomaterials. The ending result is the development of a new interface, consisting of a dynamic shell of blood macromolecules. This layer, given the protein enrichment, is usually named the protein corona or the biomolecular corona (BC) [30,31]. The BC, in general, has been reported to have a strong influence on the interactions between nanoparticles and cells, for example, improving their uptake and clearance by phagocytes. Recent studies have investigated molecular interactions of GO with human blood plasma proteins [32]. The existence of size-dependent interactions between GO nanoflakes and albumin, fibrinogen and globulin [31] was demonstrated and this effect influences the overall biodistribution and the effective delivery of nanotheranostic to planned target sites [33]. In another recent study, the focus was on the interaction of GO flakes with human serum albumin (HSA), both in its isolated state and in blood plasma conditions. In the isolated HSA case at low ionic strength, strong binding interactions between GO flakes and HSA were observed. However, it was found that HSA–GO molecular interactions were significantly hampered in blood plasma, showing that ionic strength is particularly important for these interactions [34]. Thus, to date, the BC role of GO and its rGO forms needs to be fully explored to better understand the impact of this biomolecular layer for an improved understanding to move their application, safely, in in vitro and in vivo models.



In this work, we want to shed light on these inconsistencies. In particular, we will consider the link between the chemical properties of graphene oxide (and its functionalized/reduced derivatives), the protein binding and the in vitro response. We focus on GO due to its low-cost production and hydrophilic nature, which still make it preferable to other GBMs. Starting from GO, we fine-modified the surface C/O ratio by hydrazine reduction [35,36,37] and hence also the charge (ζ-potential), a parameter which was expected to influence the interaction with soluble and cell-displayed host biomolecules. Subsequently, we tested the hemolytic activity, i.e., the ability to induce RBC lysis, of all formulations (both reduced GO and functionalized GO) first in a protein-free buffer and then in a more physiological buffer containing 60% of human serum. All GO derivatives were then tested for their ability to alter the kinetics of spontaneous coagulation of human plasma.




2. Materials and Methods


The synthetic name and the schematic chemical structure of GO and the GO-derived compounds studied in this work are summarized below (see Scheme 1):



2.1. GO Synthesis


GO was synthesized from graphite powder using a modified Hummer’s method: 1 g of graphite powder was slowly added to a 9:1 mixture of H2SO4 and H3PO4 (25 mL) in an ice water bath, 3 g of KMnO4 was added and the solution was stirred for a whole day at room temperature. After that, the solution was sonicated for 1 h at 35 °C to completely exfoliate the oxidized graphite. Deionized water (50 mL) was added slowly to the solution, the temperature rapidly increased to 98 °C due to the dilution of the present strong acids, the solution was maintained at this temperature for 20 min. Successively, another 140 mL of deionized water was added, and the temperature was lowered to 60 °C. At this point, 2 mL of H2O2 (30% solution in water) was added dropwise to reduce the residual KMnO4, and the solution was stirred for 30 min, sonicated for 1 h, stirred again for 30 min and sonicated for 1 h. The solution was repeatedly centrifuged to collect the solid product, then it was dialyzed versus milliQ water for a whole week to remove the residual salts. The obtained water solution of GO was freeze-dried to obtain the solid product.




2.2. GO Reduction with Hydrazine (rGO)1–6


A set of samples (rGO)1–6 showing a different degree of reduction in GO were obtained as follows: 250 mg of GO was added to 100 mL of water and sonicated in a beaker for 15 min. The dark brown dispersion was then transferred in a 250 mL three-necked round-bottom flask and the suspension pH was then brought to pH 10 by slowly adding a solution of NH3/H20 1M from an initial value of pH 2.7. Before starting the reaction, 20 mL of the dispersion was taken out as the starting point of the reaction. The volume of hydrazine hydrate added was adjusted during the course of the reaction course, starting from 12.5 μL. The degree of reduction at different times of the reaction was monitored by recording the UV spectra of several aliquots of samples. By monitoring the reaction, a considerable reduction was observed only after 17 h from its beginning. Thus, a sample of 6.25 mL was then taken out from the reaction (rGO1). Successively, another 5 μL of hydrazine hydrate was added to the reaction vessel. After 1 h from the addition, another sample of 6.25 mL was taken out (rGO2). The reaction was then monitored for an additional 24 h showing any change in the degree of reduction. Thus, another 6 μL of hydrazine hydrate was added showing an acceleration in the chemical reduction process. Subsequently, four samples of 6.25 mL each were taken after, respectively, 1, 2, 6, 11 h from the last addition of hydrazine. Samples are named, respectively, (rGO3), (rGO4), (rGO5), (rGO6). All samples were then dialyzed and lyophilized. Elemental analyses, ζ-potential, UV-Vis and FT-IR spectra were recorded from these samples.




2.3. Esterification of GO (eGO)


200 mg of GO was dispersed in 100 mL of DMF. After 15 min of sonication, 10 mL of methanol and 1 mL of trimethylsilyldiazomethane (TMS-DAM) were added to the mixture in a round-bottom flask and plugged with N2 at 40 °C for 3 h. The mixture was then vacuum filtered and washed 2 times with methanol, dichloromethane and diethyl ether. A total mass of 113 mg of a solid brown product was obtained.




2.4. Functionalization of GO with Cysteamine (cysGO)


Following the procedure of Luong et al. [38] 100 mg of GO was dispersed with 50mL of DMF in a three-necked round-bottom flask. The dark brown dispersion was sonicated for 30 min. Afterwards, a magnetic stirrer was added, and the dispersion was placed in an inert environment by air removal and nitrogen bubbling. In a septate vessel, 56 mg of azobisisobutyronitrile (AIBN, thermal initiator) and 78 mg of HCl*cysteamine were mixed with 5 mL of DMF. The mixture was added by a syringe to the three-necked round-bottom flask and another cycle of air removal/nitrogen bubbling was performed to keep the reaction environment inert. To initiate the reaction, the obtained mixture was heated to 70 °C and kept at this temperature for 12 h. A solution of NaOH (1M) in ethanol/water mixture (15:5 mL) was then added under stirring in order to achieve an alkaline pH. The solid product was then collected with vacuum filtration and washed twice with ethanol and 3 times with water, in order to remove impurities. After several washing steps with dichloromethane and diethyl ether, 156 mg of product was obtained. To qualitatively test the presence of amine groups in the synthesized material, a Kaiser test was performed. The purple colour confirmed the occurrence of the chemical functionalization.




2.5. GO Functionalization with Mercaptobenzoic Acid (mbaGO)


Following the procedure of Luong et al. [38], 100 mg of GO was dispersed with 50 mL of DMF in a three-necked round-bottom flask. The dark brown dispersion was sonicated for 30 min. Afterwards, a magnetic stirrer was added, and the dispersion was set in an inert environment by air removal and nitrogen bubbling. In a septate vessel, 56 mg of AIBN and 105 mg of mercaptobenzoic acid were mixed with 5 mL of DMF. The mixture was added by a syringe in the three-necked round-bottom flask and another cycle of air removal/nitrogen bubbling was made to keep the reaction environment inert. In order to make the reaction start, the obtained mixture was heated to 70 °C and kept at this temperature for the next 12 h. The solid product was then collected with vacuum filtration and washed two times with ethanol and 3 times with water, in order to remove impurities. After several washing steps with dichloromethane and diethyl ether, 82 mg of product was obtained.




2.6. Ester GO Functionalization with Cysteamine (cys-eGO)


Previously obtained eGO (100 mg) was used and the mass of AIBN and cysteamine hydrochloride was doubled (112 mg and 156 mg, respectively). The reaction was conducted for three days instead of one. At the end of the reaction time, to neutralize the acid pH, 40 mL (30 mL ethanol and 10 mL water) of NaOH 0.1 M was added to the mixture. This was vacuum filtered and washed with water, DCM and Et2O. A solid black product with a mass of 96 mg was obtained.




2.7. Methylation of Cysteamine Functionalized GO (met-cysGO)


Previously obtained cysGO (78 mg) was dispersed with 25 mL of DMF in a 50 mL round-bottom flask. After 15 min of sonication, 500 μL of iodomethane (as a large excess) and 500 μL of DIPEA were added. The reaction was kept under stirring for one day. The mixture was then vacuum-filtered and washed first with ethanol and subsequently with DCM and Et2O. The final product was composed of black flakes with a total mass of 45 mg.




2.8. Methylation of Cysteamine Functionalized GO Ester (met-cys-eGO)


Previously obtained cys-eGO (50 mg) was used for the methylation reaction. The procedure used was the same as reported for the methylation of met-cysGO; thus, analogue volumes of DMF, iodomethane and DIPEA were used. After filtration and washings with EtOH, DCM and Et2O, 31 mg of solid black product was obtained.




2.9. Compounds Characterization


UV absorption spectra were carried out with 1mL quartz cuvettes on a Shimadzu UV-2501PC.



FT-IR spectra were obtained by measuring the transmittance of KBr tablets with an FT-IR Nexus spectrometer.



ζ-potential values were obtained with suspension of the nanoparticles at a concentration of 0.01 mg/mL and a pH around 10 with a dynamic light scattering set-up of a DLS Zetasizer NanoS.



PBS buffer at pH 10 was chosen as the solvent for UV-VIS and ζ-potential analyses because, at this pH, we observed the maximum solubility for all the investigated GO samples.



Information about the elemental composition of our solid compounds was obtained by a Thermo Scientific FLASH 2000 CHNS analyzer (Thermo Scientific, Waltham, MA, USA) using a method called dynamic flash combustion.




2.10. Procoagulant Activity Assay


Selected compound suspensions were dissolved at the concentration of 0.5 mg/mL in deionized water and subjected to water bath sonication (30 min, 286 W, 35 kHz). Frozen citrated plasma was thawed at 37 °C for 30 min using a thermoblock and centrifuged at 10,000 rpm for 8 min to remove any platelets and debris. Serial dilutions of compounds (50 μg/mL, 5 μg/mL, 500 ng/mL, 50 ng/mL, 5 ng/mL and 2.5 ng/mL) were made in 150 mM NaCl.



Plasma (80 μL/well) was loaded onto a 96-well microtiter plate and mixed with 100 μL/well of each serial dilution, in duplicate, or with 150 mM NaCl as negative control (spontaneous coagulation). Coagulation was initiated by adding 20 μL of 150 mM CaCl2 per well and microtiter plates were then inserted in the plate reader (Skanit 4.1, Thermo Scientific, Waltham, MA, USA 02451), set at 37 °C. The coagulation kinetics were monitored in the following 90 min by reading the absorbance of each well (405 nm) every 1 min.




2.11. Hemolytic Activity Assay


RBCs, obtained from buffy coats of healthy human volunteers (kindly provided by the transfusion centre of the hospital of Padova, Italy), were washed three times with PBS by centrifuging at 2000 rpm for 10 min. At the end of this procedure, the washed RBCs from one buffy coat were suspended in 50 mL PBS (1% hematocrit).



GO and its derivatives, previously sonicated, were diluted in saline solution (150 mM NaCl) at a 2× concentration compared to their final concentrations in the assay (25 μg/mL and 2.5 μg/mL, respectively). Compounds (250 μL) were then mixed with an equal volume of RBCs. After 18- and 24-h incubation at 37 °C under gentle agitation, samples were centrifuged at 1500 rpm for 5 min and supernatants were collected. The released haemoglobin was measured by loading 100 μL of supernatants in duplicate in a microtiter plate and by reading their absorbance at 540 nm with a plate reader (Skanit 4.1, Thermo Scientific). In experiments conducted in the presence of serum, GO and its derivatives were diluted in saline solution at a 2× concentration compared to their final concentrations in the assay (2.5 μg/mL); afterwards, they were added to RBC resuspended in 60% human serum (kindly provided by the transfusion centre of Padua Hospital) and incubated at 37 °C for 18 h or 24 h.





3. Results


3.1. Characterization of Synthesized GO


GO was analyzed with Raman spectroscopy and XPS spectroscopy. The Raman spectrum (Figure 1A, left upper panel) shows an intense peak at 1350 cm−1 (D band), an intense peak at 1600 cm−1 (G band), and two weak peaks at 2700 cm−1 (2D band) and 2900 cm−1 (D+G band). The XPS spectrum (Figure 1B, upper panel) shows a peak at about 285 eV corresponding to carbon and a peak at about 535 eV corresponding to oxygen. No other significant peaks are present, meaning that carbon and oxygen are the most abundant elements contained in the GO. Deconvolution of these peaks indicates the presence of aliphatic and aromatic carbon rings, carboxyl groups, carbonyl (both aldehydic and chetonic) groups, hydroxyl groups and epoxy groups. These groups are responsible for the high hydrophilicity of the GO. Our GO exhibits a dispersibility in water up to 5 mg/mL. TEM imaging of the sample shows its morphology as flake-like with some aggregates, indicating the sheets’ tendency to stick together (Figure 1C). Finally, by elemental analysis, we found a C-to-O ratio of 1.31.




3.2. Synthesis of Reduced GO (rGO)


By following the protocol described in the experimental part, which combined the use of diluted hydrazine and controlled temperature, it was possible to obtain a certain number of moderately reduced GO samples characterized by distinct C/O ratios and a net negative charge that allowed them to stay moderately dispersed in water. In particular, starting from GO (C/O ratio = 1.31 and ζ-potential = −38.8 ± 2.0 mV), we obtained rGO1 with a C/O ratio of 1.37 and a ζ-potential of −39.5 ± 1.0 mV, rGO2 with a C/O ratio of 1.45 and a ζ-potential of −36.0 ± 1.0 mV, rGO3 with a C/O ratio of 1.49 and a ζ-potential of −39.3 ± 1.3 mV, rGO4 with a C/O ratio of 1.59 a ζ-potential of −35.6 ± 1.8 mV, rGO5 with a C/O ratio of 1.71 a ζ-potential of −29.9 ± 1.5 mV, and finally rGO6 with a C/O ratio of 1.75 a ζ-potential of −24.8 ± 2.5 mV. From UV-Vis spectra (Figure 2A), the π → π* band of C=C bond redshifts gradually from GO to rGO6. This is a clear sign of reduction and, in particular, of the restoration in the conjugated structure composed of sp2 hybridized carbon atoms. Concomitantly, the UV-Vis band corresponding to the n → π* transition of the C=O bond gradually disappears. The FT-IR spectra comparison of GO and rGOn clearly shows the removal of oxygen functional groups together with the increase in the reduction level (Figure 2B). This is particularly evident in the range 3400–1380 cm−1, a frequency range corresponding to alcoholic, epoxide and carbonyl oxygen-containing functional groups.




3.3. GO Covalent Functionalization


3.3.1. GO Esterification (eGO)


Esterification of the GO carboxylic group was performed by the TMS-DAM/MeOH method, as described in the experimental section. Confirmations of the reaction success can be seen from the comparison of elemental analysis and ζ-potential measures of GO and eGO (see Table 1). After the esterification, there was a slight increase in the C/O ratio, as expected by the addition of methyl groups and a decrease in the ζ-potential value.



As expected, the comparison of UV-Vis spectra of eGO and GO did not show changes in the position of the two main absorption bands of GO. From FT-IR the same comparison shows in eGO a sharp peak at 1730 cm−1, associated with the carboxyl C=O ester stretching (Figure 3).




3.3.2. GO Functionalization with Cysteamine (cys-GO), Mercaptobenzoic Acid (mba-GO) and eGO with Cysteamine (cys-eGO)


Functionalization with cysteamine or mercaptobenzoic acid GO was performed by the thiol-ene method using AIBN as the initiator. Confirmations of the success of the reaction can be seen from the comparison of elemental analysis and ζ-potential measures of GO, cys-GO, cys-eGO and mba-GO (see Table 2).



Cys-GO has an N/S molar ratio close to 1 and displays a large increment of the C/O ratio compared to GO. As expected, its ζ-potential is also lower than that of GO, given the presence of amino groups. In cys-eGO, we found a moderate lowering of the ζ-potential together with a moderate increase in C/O ratio, as expected. The ζ-potential of mba-GO gave a lower value than that of GO, and it may appear counterintuitive as we added carboxylic acids to its structure. It must be considered that, as claimed by Dimiev et al. [39], GO is not a stable structure and the addition of thiol groups into GO sp2 hybridized carbon domains could have compromised its vinylogy structure, thus decreasing the acidity of the hydroxyls groups (i.e., its negative charge). The high C/O molar supports the covalent functionalization of mercaptobenzoic acid into GO.




3.3.3. Exhaustive Methylation of GO and GO Ester Functionalized with Cysteamine


The exhaustive N-methylation of cysGO and cys-eGO was tested by elemental analysis showing an increase in their C/O ratio and by ζ-potential measurements (Table 3). Both met-cysGO and met-cys-eGO displayed a substantial increment in the C/O molar ratio compared to cysGO, while the N/S molar ratio remained stable. Methylation only partially decreases the overall ζ-potential values.



In Figure 4, we report TEM analyses of cysGO, met-cysGO and met-cys-e-GO. As evident from the images, all of the samples are well dispersed, and in comparison to pristine GO (Figure 1), they exhibit a more pronounced contrast. This may be related to their high degree of surface functionalization.





3.4. Biocompatibility Assays


3.4.1. Hemolytic Activity


The evaluation of the hemolytic potential of GO and its derivatives was based on the quantification of haemoglobin released from agonist-exposed human erythrocytes (RBCs).



Results show that none of the studied GO forms has significant RBC membrane damaging actions at relatively low doses (2.5 µg/mL) after 18 and 24 h incubation (Figure 5). However, at higher doses (25 μg/mL), some GO derivatives induced RBC disruption with haemoglobin release. In particular, the rGO3 and rGO5 show the best activity (15–30% hemolysis), while GO and the other rGOs (rGO1, rGO2, rGO4 and the maximally reduced rGO6) induced a smaller effect (7–10%). The esterified GO (eGO) and the mercaptobenzoic acid-modified GO (mba-GO) showed a hemolysis comparable to GO after 24 h (10–15). On the contrary, cysteamine-derivatized (cysGO and cys-eGO) and methylcysteamine-derivatized GO (met-cys-GO and met-cys-eGO) were essentially free of hemolytic effects.



Such assay suggests that the modification with cystamine and methyl-cysteamine of GO and the esterified GO results in the most biocompatible GO derivatives.



However, it is important to stress that the hemolytic action of GO and other active derivatives not only emerges at relatively high doses (>2.5 µg/mL) but is also partial (around 30% in the worst cases). Moreover, the hemolytic activity was performed in a protein-free buffer. Therefore, although informative on the direct interaction of GO-based materials with the RBC plasmamembrane, the assay may have little relevance in physiological protein-reach matrices, like serum or plasma. In fact, it is well known that nanomaterials after injection in the blood, can adsorb host proteins and macromolecules forming the so-called biomolecular corona. This phenomenon can mask the interactions of nanomaterials with other blood components, such as cells [40]. For this reason, to test the potential hemolysis activity in a more physiological medium, the hemolysis assay was repeated in 60% (v/v) human serum (HS) (Figure 6).



In such conditions, essentially no activity was observed with any GO formulations, strongly suggesting that the interaction of GO with serum protein (e.g., albumin, fibrinogen, immunoglobulins), may significantly lower the concentration of GO that may adsorb on RBCs.




3.4.2. Pro-Coagulant Activity


Hemolysis data indicate that blood proteins can interact with GO-based nanomaterials and that this virtually abolishes the membrane-destabilizing actions of some of them. However, the human serum, used in the assay, lost intrinsic procoagulant activity. Therefore, we also tested, in another set of experiments, the possible triggering of the coagulation cascade in citrated human plasma subjected to recalcification. In fact, nanomaterials could induce alteration in the balanced activity of the coagulation system key components by the contact with plasma coagulation factors and interaction with cells (platelets, monocytes, epithelial cells). These interactions could cause changes in the intensity of coagulation reactions or simply undesirable coagulation. The effects, in particular, are determined by the physicochemical properties of the specific nanomaterial such as surface charge and size [41]. The prompt interaction with plasma FXII may indeed be the first phenomenon to occur when potentially procoagulant NPs are injected into the blood, with the ensuing formation of the contact coagulation system and activation of the coagulation cascade and fibrin deposition. Interestingly, previous evidence suggests that GO can activate the intrinsic coagulation pathway [42]. Consistently, we show (Figure 7) that GO displays a very strong PCA in recalcified human plasma with an EC50% in the ng/mL range (~5 ng/mL). Such effective surface activation of the contact coagulation system is consistent with the strong negative surface (ζ-potential around −40 mV) of GO and the high surface-to-volume ratio, due to the bidimensional characteristics of the nanomaterial. The progressive reduction in GO through hydrazine leads to rGOs where, as expected, the ζ-potential becomes less negative and the PCA power decreases in parallel. The maximal reduction achieved here (rGO6) corresponded to nanomaterial with a ζ-potential above −30 mV (−25 mV) and led to a ~2000-fold reduction in the GO PCA (EC50%).



Moreover, we found that the combination of cysteamine or methyl-cysteamine modification with esterification of GO results in a strong decrease in plasma clotting (~3000-fold, EC50% 15 μg/mL). This only in part correlates with the ζ-potential decrease compared to GO (−16–13 mV vs. −39 mV). In fact, cysteamine and methyl-cysteamine-modified GO, although having ζ-potentials (−16–13 mV) similar to those of cysteamine/methyl-cysteamine-modified eGO (−13–12 mV), is only ~200-fold less procoagulant than GO (EC50% 0.94 µg/mL).



The coagulation half-time (t1/2) was then extrapolated from the curves (Figure 8). From the graphs presented in the figure, it is evident that the t1/2 remains similar to the physiological t1/2 at a higher concentration for rGO4 and rGO5 (25 ng/mL) with respect to GO, while for rGO6 it remains unchanged even at a concentration ten times higher (250 ng/mL). Esterified GO does not induce changes in the plasma coagulation kinetics up to the concentration of 250 ng/mL; functionalization with cysteamine of eGO further enhances its biocompatibility (t1/2 = 2500 ng/mL), while methylation of cys-eGO does not induce significant changes. Cysteamine functionalization of GO improves its biocompatibility: its t1/2 remains unchanged compared to the control, even in the presence of 25 ng/mL of cysGO. Also, in this case, methylation does not lead to a significant increase in the biocompatibility of met-cysGO.






4. Discussion


GO is a GA derivative with improved physicochemical characteristics, the first and foremost being better water solubility [43]. For this reason, GOs are promising nanotheranostic platforms [44,45,46]. However, the lamellar shape of the material, with a high surface administered and available for host molecules intersections, joined with a strong negative charge, due to the COO- group, dissociated at physiological pH, may induce toxic acute effects in blood [3,42]. Therefore, we decided to screen the blood compatibility of 13 different GO formulations based on reduction through treatment with hydrazine [47,48] and chemical modifications (esterification, cysteamine and mercaptobenzoic acid functionalization) in various combinations in vitro. To ensure a rapid screening, we tested red blood cell lysis and contact coagulation induced by the GO formulations. In fact, these are possibly the two most rapid and acute adverse actions of nanomaterials in the blood: plasma comes immediately in contact with them while red blood cells are by far the most abundant circulating cellular elements in blood. Investigating the impact of nanoparticles on the biocompatibility of red blood cells is of utmost importance, and it has to be conducted both in vitro and in vivo: in vitro, assessing how hemolysis could act in inducing complement activation, and oxidative stress, in vivo, studying the clearance and the uptake of blood components by RES, lungs and kidneys [49].



At the highest tested concentration (25 µg/mL), GO showed weak hemolytic activity after 24 h-incubation. Reducing GO using hydrazine only reduced hemolytic activity in some intermediates (rGO1 and rGO6). Cysteamine functionalization significantly reduced GO-induced hemolysis, however mercaptobenzoic acid and esterification increased hemolysis. Functionalization of eGO with cysteamine and subsequent methylation significantly decreased in hemolysis.



The hemolytic effect of GO and its derivatives is completely abolished in the presence of proteins (i.e., experiments of hemolysis conducted in human serum), strongly suggesting effective protein adsorption on the materials, masking the pristine membrane destabilizing graphene surfaces.



When tested for their ability to alter plasma coagulation kinetics, the most reduced compounds (rGO4, rGO5 and especially rGO6) displayed greater biocompatibility. Among those tested, esterification emerged as the functionalization significantly enhancing GO’s biocompatibility when assessed for its coagulation activation capability. Additionally, further functionalization with cysteamine and subsequent methylation rendered GO biocompatible up to a concentration of 25 µg/mL.



We therefore found that esterified GO further modified with cysteamine or methyl-cysteamine is the most biocompatible GO-based nanomaterial. Met-cys-eGO is free of potential hemolytic/membrane damaging effects and showed a strongly reduced ability to induce plasma coagulation. In general, we suggest that, given the relatively weak hemolytic effect and the apparent strong protective masking of active GO formulations, the most rapid adverse effect to be monitored in vitro assays is the plasma coagulation induction. Here we indeed show that GO is an extremely powerful trigger for contact coagulation of plasma with an EC50% (5 ng/mL) about 1000-fold reduced compared with that of amorphous silica NPs [50], a well-known procoagulant material (EC50% about 5 µg/mL), on a weight base. Given this extreme efficacy in plasma clotting, we indeed focused on the mitigation effects of various derivatives. We found that COO- esterification and NH2 derivatization lead to a still relatively negative particle with much reduced procoagulant action.




5. Conclusions


The most evident adverse effect of GO in the blood is likely plasma coagulation via the intrinsic contact system. Indeed, the strong negative charge and high surface/volume ratio make GO extremely effective in recruiting plasma FXII which triggers the contact coagulation system. However, through the screening of several GO derivatives, we found that the esterification of GO, which displayed -COO- groups, joined with the introduction of cationic -NH3+ or -N(CH3)3+ groups through thiol-ene chemistry, results in a significant increase in the ζ-potential and a strong diminishing of plasma coagulation. Our approach is important to easily screen biocompatibility. In fact, although HS ablates the intrinsic hemolytic effect of GO, we also show that in physiological conditions the plasma corona comprises the triggers of the contact coagulation systems, which also need to be controlled.



The present data set will be useful for further studies. For example, we here test human serum to evidence its interference with the intrinsic GOs-mediated RBC damage. However, serum is depleted with coagulation factors. Therefore, future studies will be necessary to set up a valuable plasma model anticoagulated with agents not affecting Ca2+ (like citrate): heparin, and hirudin-based agents to test the best conditions. Eventually, both in vitro and in vivo tests in preclinical models (e.g., murine) will have to be evaluated carefully, to validate the animal–human result comparisons.



Our study is relevant for two major reasons: first of all, we show that it is indeed possible to control major adverse reactions of GOs by a variety of chemical modifications. It is impressive how coagulation and RBC membrane stabilization can be modulated by relatively simple chemistry. Our most biocompatible derivative (met-cys-eGO) represents a valuable safe platform for GO-based nanomedicine tools for drug delivery and tissue regeneration. Eventually, we believe that the combination of two low-cost but high-throughput assays (plasma clotting and RBC lysis) will allow for easy initial screening in vitro of a high number of chemical structures and doses, with relatively cheap equipment. This powerful in vitro screening filter can rule out non-hemocompatible nanodrugs in a few days, allowing the attainment of rapid information on structure–function relationships and the speeding up of nanotheranostic development.
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Scheme 1. Schematic chemical structure of GO, its derivatives showing different degrees of reduction (top panel), and functionalized derivatives of GO (bottom panel) investigated in this study. 
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Figure 1. (A) Raman spectra of GO. (B) XPS spectra of GO in the C1s range (purple line) and a multipeak analysis for the carbon 1s (orange line). Green line was used to fit baseline. (C) TEM image of the GO showing aggregates (left), stacked flakes (centre) and single flakes (right). 
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Figure 2. (A) UV spectra of reduced GO and rGO samples, obtained at a concentration of 0.05 mg/mL and pH 10. (B) Solid state FT-IR spectra of GO and rGO samples. 
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Figure 3. (A) Comparison of UV-Vis spectra of GO and eGO taken, respectively, at the concentrations 0.025 mg/m. (B) comparison of solid-state FT-IR spectra of GO and eGO. 
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Figure 4. TEM images of cysGO, met-cysGO and met-cys-e-GO. 
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Figure 5. Hemolytic activity for GO and its selected reduced and functionalized derivatives at the concentrations of 2.5 μg/mL and 25 μg/mL, after 18 (left panels) and 24 h (right panels)-incubation with RBCs. Each data point is presented as mean ± absolute error (n = 2). Data are expressed as % of total hemolysis induced by pure distilled water (100% release). 
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Figure 6. Hemolytic activity in HS and saline solution for GO and its selected reduced and functionalized derivatives at the concentration of 2.5 μg/mL, after 18 (left panels) and 24 h of incubation with RBCs (right panels). Each data point is presented as mean ± absolute error (n = 2). 
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Figure 7. Comparison between ζ-potential measures (black squares) and EC50 (blue squares) for GO and its functionalized derivatives. ζ-potential data are presented as mean ± standard deviation (n = 3). 
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Figure 8. Pro-coagulant activity data for GO. Histograms representing values of t1/2 for the corresponding concentration of nanomaterial. 
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Table 1. ζ-potential value and C/O molar ratio for GO and eGO measured in PBS at pH 10.
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	Ζ-Potential (mV)
	C/O Molar Ratio





	GO
	−38.8 ± 2
	1.31



	eGO
	−31.4 ± 0.9
	1.58










 





Table 2. ζ-potential value and C/O (eventually N/S) molar ratio for GO, cys-GO, cys-eGO and mba-GO measured in PBS at pH 10.
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	Ζ-Potential (mV)
	C/O Molar

Ratio
	N/S Molar

Ratio





	GO
	−38.8 ± 2
	1.31
	-



	cysGO
	−16.3 ± 1.2
	1.64
	1.05



	cys-eGO
	−13.2 ± 0.5
	1.71
	1.08



	mbaGO
	−27.1 ± 0.5
	2.32
	-










 





Table 3. Comparison of ζ-potential, N/S molar ratio and C/O molar ratio for cysGO, cys-eGO, met-cysGO and met-cys-eGO measured in PBS at pH 10.
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	ζ-Potential (mV)
	C/O Molar

Ratio
	N/S Molar

Ratio





	cysGO
	−16.3 ± 1.2
	1.64
	1.05



	met-cysGO
	−13.4 ± 1.1
	1.76
	1.09



	cys-eGO
	−13.2 ± 0.5
	1.71
	1.08



	met-cys-eGO
	−12.3 ± 0.8
	1.95
	0.97
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