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Abstract

:

This review summarizes the current knowledge on current and future applications of carbon nanoparticles in medicine. The carbon nanoparticle family has a large number of representatives with unique physicochemical properties that make them good candidates for use in clinical medicine. The best-known (and most researched) carbon nanoparticles include graphene, graphene oxide, and carbon nanotubes. The main direction of use involves medical diagnostics, which includes bioimaging and the detection of chemicals or metabolites present in the body. Since the question of nanoparticle toxicity has not been fully answered, the use of nanoparticles in the fields of therapeutics (drug delivery), regenerative medicine (cell scaffolding, tissue engineering), and vaccine production is still under research and many in vivo studies are ongoing. These preclinical studies suggest that carbon nanoparticles have great potential for diagnosis and treatment; the results show that the nanoparticles used do not have significant toxic effects; however, great caution is needed before nanoparticles are introduced into routine clinical practice.
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1. Introduction


Carbon is one of the most abundant minerals on Earth. It is one component of a large number of macromolecules that are essential for life, including sugars, proteins, DNA, etc.



Pure carbon exists in various forms, such as allotropes. The most well-known natural crystalline carbon allotropes are diamonds and graphite; amorphous carbon allotropes represent coal, charcoal, and lampblack. The extraordinary properties of carbon are exploited in carbon-based nanomaterials. The first carbon nanoparticles (CNPs) were discovered in the 1980s [1,2]. CNPs represent a wide range of carbon individuals, including amorphous carbon nanoparticles (ultrafine carbon particles, carbon nanoparticles, and carbon dots), sp2 carbon nanomaterials (fullerene, carbon nanotubes, carbon nanohorns, graphene, graphene quantum dots), and nanodiamonds [3].



CNPs are formed from pure carbon; therefore, they have high stability, outstanding electrical and heat conductivity, mechanical properties (extreme stiffness, strength, and toughness), and are highly biocompatible with low toxicity; furthermore, they are highly hydrophobic due to their sp2 hybridization [4]. One of the most studied CNPs is graphene, which is a structural parent of several carbon allotropes (graphenoids), including nanorings, single-, double-, and multi-walled nanotubes, graphite, carbon fibers, and graphyne (Figure 1) [5,6].



CNPs have been studied in depth, moved out of laboratories, and produced at large scales. The industrial production of nanoparticles, such as graphene, nanotubes, or fullerenes, is performed via various processes. The main processes for the mass production of graphene include the chemical or plasma exfoliation of raw graphite, mechanical cleavage from natural graphite, chemical vapor deposition, or the epitaxial growth of graphene on the silicon face of silicon carbide [7]. It is possible to manufacture graphene from its derivates, by unzipping carbon nanotubes or via the evaporation of fullerene [8]. The most commonly used graphene derivatives, graphene oxide (GO) and reduced GO (rGO), are prepared by the oxidation of graphene. In these processes, graphene is treated with oxidizing agents: protonated solvents (nitric, sulfuric, or phosphoric acid, or their mixtures) and KMnO4, resulting in the formation of a covalent bond of carboxyl and hydroxyl groups to graphene. To form rGO, a reduction is then carried out in which most of the oxygen functional groups are removed by various processes, including treatment with vitamin C or hydrazine hydrate [9,10].



Carbon nanotubes (CNTs) are nanoparticles that have cylindrical tubular structures with a diameter of nanometers and are formed by rolling graphene sheets. CNTs are divided into single-walled CNTs and multi-walled CNTs according to the number of layers of graphene sheets [11].



The most frequent methods of synthesizing carbon nanotubes involve chemical vapor deposition (CVD), arc discharge, and pulsed laser ablation. The CVD is performed using carbon-containing precursor gases, such as CO2 or C2H2, C2H4, and other hydrocarbons. The temperature during CVD moves around 350–1000 °C. Various parameters, such as the reaction time, temperature, catalyst particle size, or type/velocity of the reaction gas affect the growth of CNTs [12]. The arc discharge method is based on the use of two graphite rods, which are used as cathode and anode electrodes. The direct current arc voltage is subsequently applied across the electrodes immersed in an inert gas (helium). During this method, fullerenes and CNTs are synthesized. Fullerenes are deposited as soot inside the chamber and multi-walled carbon nanotubes are deposited on the cathode [13]. Pulsed laser ablation of graphite is a very promising method. It is fast and inexpensive, does not require the use of a catalyst or vacuum, and produces a high purity product of the desired size and morphology [14].



CNPs have found widespread use in various industries, including electronics, agriculture, food, pharmaceuticals, cosmetics, and medicine. In particular, carbon nanomaterials have many potential biomedical applications, including imaging, biosensors, anticancer drugs, drug delivery vehicles, and bioengineering [15,16]. In this review, we focused on the use of various types of CNPs in different fields of medicine (Figure 2).




2. Bioimaging, Detection, and Diagnostics of Various Pathologies


Early and accurate diagnoses are essential for treatment outcomes, whether it is the detection of damaged tissue or cancer. CNPs can significantly improve the quality of medical imaging.



Most CNPs have the natural ability to emit fluorescence upon photoexcitation [17,18]. Carbon dots, graphene quantum dots, and carbon nanotubes are widely used. Lastly, the ‘named’ has an ultra-large surface and can carry multiple molecules and ensure multiplex sensing; on the other hand, CNPs with fast excretion via the kidney or hepatobiliary system (carbon dots under 10 nm) are suitable for bioimaging [19].



Based on the different nanostructures and functionalization of CNPs, the individual organelles and cells can be imaged and the fluorescence can be targeted.



After intravenous application in mice, the functionalized carbon dots rapidly move into the tissue and accumulate in the lung, liver, and kidney, but also cross the blood–brain barrier [20]. The M13 virus coated with single-wall carbon nanotubes can especially target the tumor cells. Additionally, radionuclide-labeled particles (Technetium-99 m Tc) target tumors and are detectable by positron emission tomography (PET) [21,22]. These methods can combine the fluorescence effect of CNPs with medical imaging techniques, such as computed tomography (CT), magnetic resonance imaging (MRI), or PET. This combination enhances the quality and sensitivity of imaging and displays more details with better contrast [23].



The use of CNPs also allows deep-tissue optical imaging by near-infrared optical imaging. The near-infrared system (NIR-II; 1000–1700 nm) has shown a deeper penetration depth and, therefore, can explore deep tissue information with higher resolution and no autofluorescence. The benefits include whole body and brain angiography (visualization of blood flow, microcirculation), visualization of organs, and imaging-guided cancer therapy or surgery [24,25].



The practical intraoperative use of CNPs is well documented. Li et al. studied the transport and accumulation of CNPs (mean 150 nm) into the lymph nodes of patients with advanced gastric cancer during gastrectomy with lymph node dissection. Identification/staining of metastatic lymph nodes is essential to reduce the risk of cancer recurrence. Thirty patients participated in the study. No serious adverse reactions were documented after intravenous application. CNPs accumulated selectively in the draining lymph nodes and colored them black. This method could detect the smaller lymph nodes; thus, the number of potentially dangerous lymph nodes was higher [26].



The same effect has been documented in the preoperative and perioperative detection of lymph nodes in patients with thyroid, colorectal, and breast cancer [27,28,29]. In thyroid cancer, CNPs help discriminate lymph nodes and parathyroid glands [30]. Importantly, CNPs used for endoscopic tattooing of colorectal cancer allow the detection and precise localization of tumors and precancerous lesions before and during surgery. This allows an accurate resection to be performed and, thus, reduces surgical trauma [31].



Interestingly, nanodiamond nanoparticles with silicon-vacancy centers can easily be up-taken by cells and, thus, can be used for live-cell dual-color imaging and intracellular tracking. They have shown greater photostability and narrow emissions in the near-infrared region [32].



Graphene and graphene-based nanomaterials can be used to detect the neural interface. Garcia-Cortadella et al. created a sensing system composed of a flexible 64-channel graphene solution-gated field-effect transistor array and a wireless headstage. In vivo, they performed 24-h quasi-continuous monitoring of brain activity to assess the sensitivity of the method. They recorded epicortical brain activity in spontaneously behaving rats, allowing them to investigate associations between patterns of neural activity and behavioral events. The results suggest that graphene-based sensor arrays can be used at least in neuroscience research [33].



Ko et al. described the development of electroencephalography electrodes using graphene/GO. These electrodes can be applied without conductive gel. Although the electroencephalogram (EEG) examination is painless for patients, the use of conductive gel is very uncomfortable [34]. The advantages of using graphene-based dry electrodes have also been described by Faisal et al. [35].



Finally, it should be mentioned that graphene electrodes can stimulate and record neuronal activity, which can be used in neural stimulation techniques (deep brain stimulation; retinal or cochlear implants) [36].



The CNP-based material has high electrical conductivity and the CNP transistor allows high amplification of cardiac-electrical signals and, thus, can be used as part of the electrodes for recording cardiac electrophysiological signals.



Graphene or multi-walled carbon nanotubes (MWCNTs) are often used, not only for short-term monitoring in the hospital but also for long-term monitoring as wearable devices to monitor the electroencephalogram (ECG) changes in real-time during daily activities [37,38].




3. Photoacoustic Diagnostic


Photoacoustic imaging (photoacoustic microscopy and photoacoustic computed tomography; PA) is non-invasive biomedical imaging based on the photoacoustic effect, where the light/laser pulses are absorbed by exogenous or endogenous contrast agents and converted into thermal energy that is emitted as an ultrasound signal. PA has a high spatial/temporal resolution with relatively deep tissue imaging ability that allows detecting or treating a wide variety of cancers (breast, colorectal, and skin).



CNPs serve as good contrast agents, especially carbon nanotubes, nanodots, graphene, or graphene oxide conjugated with organic polymers, metallic NPs, or dyes [39,40]. These contrast agents can target specific tissues; cyclic Arg-Gly-Asp peptides loaded on single-walled carbon nanotubes are preferentially up-taken in various types of tumors [41] Han et al. described ultra-small near-infrared-II photothermal carbon dots that can easily penetrate tumor tissue and showed multicolor fluorescence and emit photoacoustic signals in vitro and in vivo [42].




4. Adsorption (Hemosorbents)/Hemofiltration/Hemodialysis


Carbon materials have high adsorption capacities and are widely used in clinical practice. CNPs can be used to adsorb ions, drugs, toxins, proinflammatory proteins, metabolites, and lipids from blood circulation and, thereby, reduce toxicity.



The study by Zheng et al. showed that graphene nanoplatelets can adsorb proinflammatory cytokines (IL-6, IL-8, and TNF-α) that can drive sepsis and cause multiorgan failure. Their incorporation into a flexible polytetrafluoroethylene (PTFE) film could improve the result of hemoperfusion [43]. Seredych et al. confirmed the absorption of proinflammatory cytokines by graphene-based nanomaterials. They used granulated graphene nanoplates and granulated graphene nanoplatelets with PTFE. Both types of CPNs have high removal efficiencies, in some cases even up to 100% [44]. Nanodiamonds also have high absorption capacities for pro-inflammatory cytokines. Yoo et al. showed that nanodiamonds can absorb inflammatory cytokines (IL-1β, IL-4, IL-6, IFN-γ, and TNF-α) and, thus, alleviate inflammation and decrease the risk of multiorgan failure and death due to sepsis [45].



Wu et al. fabricated lysine-immobilized chitin/carbon nanotube microspheres and attempted to verify their capacity to remove bilirubin from human blood. The level in plasma reflects the dysfunction of the hepatobiliary system or hemolysis. Bilirubin is toxic to the central nervous system and causes bilirubin encephalopathy. The prepared CNPs exhibited a high bilirubin adsorption capacity and increased bilirubin clearance [46].



Ifran et al. exploited the extreme efficiency of CNPs in the absorption of chemicals from the blood. They constructed a hemodialysis membrane from polyethersulfone and carboxyl functionalized multi-walled carbon nanotubes (MWCNT). This membrane had excellent blood compatibility; membrane fouling was reduced by 30%, while urea and creatinine removal significantly increased [47]. CNPs can also absorb cholesterol, which is a risk factor for several diseases (cardiovascular and liver disorders, and cancer). The most effective are carbon nanotubes that bind cholesterol to both external and internal surfaces [48].




5. X-ray Protection


Radiology and nuclear medicine (as well as patients with cancer who undergo radiotherapy) can expose patients to radiation that can endanger their health. It is necessary to protect them adequately and effectively. Studies suggest that CNP-based materials could help to achieve this goal. Hashemi et al. tested a material (polyaniline) decorated with GO as an X-ray radiation shielding. These shields have shown superior performance in blocking X-ray beams compared to non-GO shields [49]. Silva et al. also confirmed that poly(vinylidene) fluoride homopolymer (PVDF)/barium sulfate attenuated 9.14% of a 20 kV X-ray beam while the addition of 4.0 wt% of a GO nanosheet increased the attenuation efficiency to 24.65% [50]. Fujimori et al. described that carbon nanotubes (CNTs) are more effective at attenuating X-rays than pyrolytic graphite and fullerenes. The coating of textiles with a thickness of 25 mm, with CNTs, enhanced X-ray attenuation by 70% [51]. Viegas et al. compared the X-ray shielding effect among GO, pyrolytic graphite, MWCNTs, and amorphous carbon loaded on PVDF. They found that GO film with a thickness of 0.1 mm attenuated 82.9 and 48.5% of X-ray beams with energies of 6.9 and 8.1 keV [52]. Zarei et al. fabricated an X-ray radiation shield that combined polyaniline and hybrid GO nanoflakes with tungsten–bismuth-tin. They confirmed the effectiveness of this shield and suggested that this material could be used to make radiation-protective clothing, such as aprons, gonadal, and thyroid shields to protect against X-rays. Standard protective equipment and clothing are made of lead-based material, which is relatively heavy and difficult to handle [53]. Türkaslan et al. also attempted to replace conventional lead-based material with more lightweight and flexible material. They used a commonly available fabric, combined it with GO, and produced a shielding material that is wearable in clinical practice; it is effective, lightweight, flexible, and permeable to water and air [54].



Study results suggest that CNPs are ideal candidates for X-ray protection.




6. Photodynamic Therapy


Photodynamic therapy (PDT) is a treatment method that can destroy cells, which is why it is used in the treatment of cancer.



PDT is based on the toxic effects of reactive oxygen species (ROS; OCl−, OH−, H2O2, O2, 1O2, ·OH, ·O2−, ·O2−2) whose local production is induced by the presence of CNPs. The formed ROS display toxic effects, especially toward cancer cells. Distinct CNPs generate different types of ROS. Light-independent, single-walled carbon nanotubes generate superoxide anions (·O2−), while graphene quantum dots generate singlet oxygen (1O2) [55,56]. This method is non-invasive and very effective with low side effects and minimal systemic toxicity. To enhance the effect of PDT, the application of CNPs is combined with light (light-mediated PDT), anticancer drugs, or photothermal therapy. CNPs are most often activated with NIR, which penetrates deeper into the tissue than visible light or ultraviolet light [57,58].



This type of treatment can also be used to treat bacterial and fungal infections. Cuadrado et al. produced nanocomposites based on GO and MWCNTs. MWCNTs eliminated Escherichia coli, Staphylococcus aureus, and Candida albicans in vitro, while GO only eliminated bacteria [59]. Chen et al. showed that indocyanine green-loaded GO effectively eliminated methicillin-resistant S. aureus [60].




7. Photothermal Therapy


Photothermal therapy is based on the photothermal capacity of CPNs (especially nanotubes and nanohorns) to convert light energy into heat under near-infrared light irradiation and kill targeted tumor cells (Figure 3) [61,62]. The therapy is minimally invasive, spatiotemporally-controlled, selective, and combinable with other types of anticancer therapy, especially systemic and local chemotherapy. The anticancer drug is loaded on the particle and NIR irradiation accelerates the release of the drug, which significantly increases the effectiveness of the therapy (systemic chemotherapy or loaded on nanoparticles). In vitro and in vivo studies have proven the effectiveness of photothermal therapy in breast, lung, and bladder cancer and melanoma [63,64]. This therapy not only kills cancer cells but also induces an anticancer immune response. Apoptotic and necroptotic cells increased the release of tumor-associated antigens, alarmins, and other damage-associated molecular patterns (DAMPS) stimulating both innate and specific immunity [65].



Cheng et al. used multifunctional CNPs as lymph node tracers for the treatment of lymph node metastases in mice. The CNPs they used were loaded with docetaxel. The laser irradiation potentiated the release of the drug and the photothermal effect was achieved, which destroyed the cancer cells [66].



Li et al. described the effectivity of the nanodiamond-based multifunctional platform in the treatment of colon cancer. Orally delivered CNPs showed long intestinal retention times and were localized mainly in the colon and tumor, which led to tumor growth inhibition in vivo [67]. We cannot omit mesoporous carbon nanoparticles (MCNs). Zhou et al. confirmed that MCNs have a higher absorption coefficient than graphene and SWCNTs in the near-infrared region of NIR-I and NIR-II and, therefore, generate stronger photothermal and photoacoustic signals, which can enhance the efficiency of diagnosis and treatment [68].




8. Vaccine Production


Vaccines must induce an immune response against the selected antigen to prevent transmission or, at least, a severe course of the disease. Nowadays, vaccines are more widely used, not only against pathogens but also to treat cancer or autoimmune diseases [69]. CNPs can be loaded with target microbial or tumor antigens and immunogenic structures that enhance the immune system response, antibody production, and memory T and B cell formation, so CNPs can function as antigen carriers and adjuvants [70].



In animal models, carbon nanotube-binding antigens induce the production of neutralizing specific IgGs against a pathogen or improve cytolytic T cell activity against cancer cells [71]. The interesting work by Dong et al. described the production of the polyethyleneimine-functionalized graphene oxide (GO) influenza vaccine nanoplatform that binds recombinant influenza hemagglutinin. In mice, intranasally-administered vaccines elicited an exceptional humoral and cellular immune response and protected against infection after the viral challenge [72]. Nanodiamonds can also serve as an influenza virus antigen carrier. In mice, they can enhance the production of neutralizing antibodies three-fold [73].




9. Therapy—Delivery Platform, Treatment


Drug treatment is systemic, affecting the whole body; to achieve the necessary concentration at the site of the effect (e.g., at the site of a tumor), it is often necessary to administer high doses that damage the body. The ability to target therapy can greatly increase efficacy and reduce systemic inflammation.



CNPs are (almost) an ideal platform for drug delivery to various tissues (Figure 4). They have large loading capacities for different drug substances, including combinations of them. The functionalization of CNPs enhances the penetration and retention effects, allows targeting of specific tissues or molecules, and controls drug release. Released stimuli include pH, enzymatic activity, light, or temperature [74].



Functionalized carbon nanotubes, graphene, fullerene, and other CNPs can bind anticancer, antimicrobial drugs, or proteins (monoclonal and polyclonal antibodies). Targeted therapy reduces the systemic toxicity of drugs and allows lower doses to be used to achieve the same therapeutic effect [75]. CNPs can be loaded, for example, with cisplatin, oxaliplatin, doxorubicin, methotrexate, gemcitabine, paclitaxel, tamoxifen, and rituximab. After administration, CNPs are attracted and retained in the tissues and the drug is released over several days [76].



Lay et al. loaded paclitaxel onto polyethylene glycol (PEG)-graft-carbon nanotubes. Multi-walled nanotubes had a higher loading capacity and showed lower toxicity and higher efficacy in killing cancer cells (HeLa and MCF-7 cells) than free paclitaxel [77]. The same effect was documented with multiloaded carbon nanotubes with β-estradiol, PEG, and lobaplatin [78]. Graphene oxide (GO)-PEG (GOP) loaded with protocatechuic acid (PA), chlorogenic acid (PC), and folic acid (FA) effectively killed hepatocellular carcinoma cells. The half-maximum inhibitory concentration (IC50) was for PC 40.78 ± 1.92, CA 43.61 ± 1.74, GOP-PC/CA 34.73 ± 1.04, and for GOP-PC/CA-FA 26.79 ± 1.63 [79].



CNPs can be functionalized with a wide range of molecules to target a specific type of cancer. One of these is folic acid because cancer cells overexpress the folic acid receptors. Other options are, for example, monoclonal antibodies with an affinity for tumor markers, such as anti-HER2 in breast cancer or rituximab (anti-CD20) in lymphomas, and antibodies targeting the prostate-specific membrane antigen [80,81,82]. Nanoscale GOs loaded with doxorubicin and HN-1 (specific antigen) have been successfully used to treat oral squamous cell carcinoma. The particles were easily absorbed by cancer cells and, thus, showed significantly higher toxicity compared to free doxorubicin [83]. MWCNTs loaded with bromocriptine or doxorubicin can induce apoptosis or necrosis in lung and prostate cancer cells [84,85].



Fullerene can also serve as a drug carrier. Conjugation with 5-aminolevulinic acid or doxorubicin may help to treat various types of cancers. Importantly, fullerene C60-β-cyclodextrin conjugated with doxorubicin improves drug delivery into the nucleus [86,87]. Mesoporous carbon nanoparticles (MCNs) have great potential as a platform for anticancer drug delivery. Zhou et al. showed that MCNs are more efficient in the delivery and release of doxycycline than mesoporous silica nanoparticles [88].



Furthermore, CNPs can deliver anticancer drugs to the central nervous system to treat gliomas. Their functionalization will allow them to penetrate the blood–brain barrier [89].



CNPs can not only carry anticancer drugs but also growth factors, including VEGF, to support angiogenesis in ischemic cardiac tissue and antimicrobial drugs (antibiotics, antifungal, antiparasitic, and antiviral drugs) [90,91,92]. Even without loading with antimicrobial drugs, CNPs can eliminate viral (especially bacterial or fungal) infections and bypass bacteria resistant to antibiotics (e.g., Escherichia coli, Staphylococcus aureus, Streptococcus mutants, Porphyromonas gingivalis, Pseudomonas aeruginosa, Klebsiella pneumoniae, Salmonella typhimurium). Their antimicrobial effects are enhanced by the formation of nanocomposites with Ag [93].



Importantly, CNPs can be used to treat inflammatory diseases, such as ulcerative colitis. MCNs loaded with Musca domestica cecropin can accumulate in the damaged intestine and suppress inflammation, restoring the homeostasis of the intestinal microflora and improving the intestinal barrier function [94].



CNPs enable the nonviral delivery of genetic material, including plasmid DNA, miRNA, siRNA into cells, and the nucleus [74,95]. They can regulate gene expression and induce silencing of target genes. By silencing distinct genes (selective blocking), suppression of cancer cell growth can be achieved. Andersen et al. prepared single-walled carbon nanotubes conjugated with siRNA. The nanocomplex was internalized by pancreatic cancer cells (PANC-1). The transfection of naked siRNA was very low, on the other hand, the transfection of the nanoparticle complex was higher than 92%. After internalization, siRNA was released and interacted with the targeted gene mutant K-Ras, which led to the downregulation of its expression. The expression of K-Ras mRNA was suppressed by 66.88 ± 5.14% [96].



Using multidrug therapy and siRNA single-walled carbon nanotubes targeting the CCR5 gene, Hasan et al. inhibited inflammatory processes in nonalcoholic steatohepatitis and prevented hepatocellular carcinoma [97].



CNPs have enormous therapeutic potential. They can make treatments more targeted and effective, using lower doses of drugs, which will reduce the cost of treatment while reducing risks to patients.




10. Detection, Electrochemical Biosensors


Biosensors are used to detect biomarkers associated with certain diseases. They allow the diagnosis of diseases and monitoring of their progress. Biomarkers are biologically important molecules, such as metabolites, proteins, nucleic acids, hormones, antigens, glucose, uric acid, cholesterol, acetone, hydrogen sulfide, glutathione, and vitamin B12, which can be detected in blood, saliva, urine, sputum, or breath [98,99]. The CNPs can be used to analyze the levels of hydrogen sulfide, toluene, acetone, benzene, ammonia, and nitrous oxide levels in the breath to diagnose distinct diseases, such as diabetes, lung or gastric cancer, halitosis, asthma, poor liver, and kidney function [100]. Specifically, CNP-detected substances associated with lung cancer include benzene, styrene (ethenylbenzene), hexanal, 2,2,4,6,6-pentamethyl heptanes, propyl benzene, 2-methyl heptanes, decane, 1,4-dimethyl benzene, 3-methyl nonane, 1-hexene, heptanal, undecane, 1-methyl-2-pentylcyclopropane, methyl cyclopentane, trichloro-fluorobenzene, 1-methylethenyl benzene, cyclohexane, 1-heptene, 3-methyl octane, 1,2,4-trimethyl benzene, 2-methyl-(isoprene)-1,3-butadiene, and 2,4-dimethyl heptanes [101]. For the detection of myocardial damage, graphene and its derivatives and carbon nanotubes can be used. They detect myoglobin, creatinine kinase, troponins, and B-type natriuretic peptides [90,102].



Glucose monitoring is the standard practice for the diagnosis and control of diabetes. CNPs (nanotubes, graphene, graphene dots) with attached glucose oxidase detect glucose with high sensitivity and selectivity (carbon nanosensors were tested in the presence of interferents, such as acetaminophen and uric and ascorbic acid) [103]. Kang et al. prepared a single-walled carbon nanotube biosensor with a detection limit of 50 μM and an ultrafast response of less than 5 s. They designed wearable glucose sensors that can be combined with a smartphone to serve diabetic patients [103]. Glucose can also be measured using non-enzymatic detection with distinct graphene-based electrodes. These electrodes can be functionalized with a wide range of nanoparticles to improve their detection limits, for example, the detection limit of copper nanocubes with reduced GO is very low at 250 nM, while reduced GO (in combination with SnO2) has a detection limit of 13.35 µM [104].



Monitoring cholesterol levels is clinically essential. For this purpose, both enzymatic and nonenzymatic methods can be used. The enzymatic method uses CNP electrodes enriched with cholesterol oxidase enzymes [105]. For nonenzymatic detection, graphene functionalized with β-cyclodextrin is often used. Electrochemical detection is mediated by methylene blue (MB) (redox indicator), which forms complexes with the nanomaterial. MB is replaced by cholesterol and released into the buffer solution [106].



Nanoparticles can also be used to detect compounds associated with neurodegenerative processes. Aminabad measured the levels of the α-synuclein protein (which is associated with Parkinson’s disease) in human plasma by graphene conjugated with gold nanoparticles. The dynamic range and lower limits of quantification were determined to be from 4 to 128 ng/mL and 4 ng/mL, respectively [107].



Diagnoses of bacterial diseases can be prolonged and complicated. CNPs can greatly simplify and speed up the diagnostic process. Graphene loaded with specific antibodies can detect many types of pathogens, such as E. coli, Salmonella typhimurium, and Zika virus. GO might be used, for example, for the detection of dengue virus and rotavirus [108]. Recently, scientists have shown that CNPs can be used for SARS-CoV-2 detection from body fluid or exhaled breath. These methods are very effective, fast, and relatively inexpensive compared to commonly used methods [109,110,111].



CNP can also be designed for real-time monitoring, e.g., to monitor the release of neurochemicals from the nervous system. In a study by Wu et al., the authors presented an implantable aptamer–graphene microtransistor probe that selectively (and with high sensitivity) detected dopamine release ex vivo and in vivo in a mouse model. This type of device can make a significant contribution to the understanding of the functioning of the nervous system, as well as to its treatment [112].




11. Stents, Biocompatible Coating of Prosthetics, Special Cardiac Devices, Tooth Reparation


Biocompatibility is an important factor in materials developed for medical applications and can be improved by coating stents, cardiovascular grafts, and prosthetics with nanomaterials. This modification can change the physiochemical properties of materials, improve mechanical strength, hemocompatibility, and anti-thrombogenic properties (reduce platelet adhesion), enhance reepithelization and regeneration, protect against restenosis of stents, and reduce the risk of infection and biofilm formation [113].



The 316 L stainless steel material has good properties for use in cardiovascular medicine (stent production). However, there is a risk of thrombosis and restenosis. Coating the 316 L stent with graphene layers markedly improves its properties [113]. The 316 L stents coated with graphene were not toxic to endothelial cells, supporting their adhesion, proliferation, and metabolic activity; additionally, graphene reduced platelet adhesion and, thus, may inhibit thrombus formation and support vessel wall regeneration [114].



CNPs can also be used for the fabrication of heart valves. Hastalex is a material made from functionalized graphene oxide and poly(carbonate-urea)urethane, which, in studies, showed superior mechanical, hemocompatibility, and calcific resistance properties compared with GOTE-TEX. Modification of valves made of polyurethane and nanotubes with heparin further increases their usability by reducing coagulation [115,116].



In addition to cardiac stents and grafts, orthopedic replacements or implants can also be coated with carbon nanoparticles. They might improve regeneration, osteoblast attachment, and proliferation. They also protect implants against damage and in the years after surgery [117]. Interestingly, GOs, in combination with poly(vinylidene fluoride), can be used as polymer-based nanogenerators in self-powered cardiac pacemakers. Azimi et al. implanted this pacemaker in dogs and found that PNG harvested 0.487 μJ from every heartbeat. This value is higher than the threshold energy required to stimulate the human heart [118].



Nanodiamond-like CNPs are also suitable for medical applications. Nanodiamond-like layers reduce the risk of thrombus formation (limit platelet adhesion and activation) and inhibit the formation of fibrin deposits. The antimicrobial effects were also confirmed [119].



CNPs can also be used as part of the material to repair damaged teeth. The addition of nanodiamonds to the repair resin increased the quality of the material, its flexural strength, elastic modulus, and surface roughness. Nanodiamonds incorporated into resin reduced the adherence of Candida albicans, which is important for the prevention of denture stomatitis [120,121,122].




12. Scaffolds, Tissue Engineering, and Healing


CNPs exhibit excellent biocompatibility and can be easily functionalized to enhance the viability of specific cell types and control their behavior (shape, adhesion, proliferation, differentiation, and dedifferentiation toward multipotency). Therefore, CNPs can serve as material for coating scaffolds (3D scaffolds enable the formation of tissue from stem cells). The results of the following studies suggest that CNPs have great potential for use in regenerative medicine. Studies especially show their regenerative effects on the nervous system, bones, and cartilage (Figure 5) [123,124].



Graphene has been proven to support the growth of mouse hippocampal neurons, enhance the number of neurites and their lengths, and modulate synaptogenesis as well as neural activity [125,126]. Importantly, graphene, GO, and carbon nanotubes can induce the differentiation of mouse embryonic stem cells into dopaminergic neurons, which decline in patients with Parkinson’s disease [127]. The implantation of an electrospun microfiber scaffold coated with self-assembled colloidal graphene into the striatum or subventricular zone of adult rats has led to the suppression of microglial and astrocyte activation, inhibiting inflammation, and significantly reducing glial scarring in the brain after a brain injury [128].



The 3D porous scaffold is an excellent microenvironment for the growth, activity, and proliferation of neurons to form neuronal tissue. It mimics the in vivo situation during neural development [128]. Hippocampal neurons cultured on a 3D graphene scaffold show more extensive connectivity and a higher degree of synchronicity than neurons cultured on a 2D scaffold. Moreover, the two regimes of synchronicity were detected as highly synchronized and moderately synchronized. The first have never been detected in 2D scaffolds [129]. Lopéz-Dolado et al. implanted a 3D scaffold with GO for 30 days into the injured spinal cords of rats. It potentiated the healing process and promoted angiogenesis around and within the scaffold structure. New functional blood vessels and neural axons were found in the damaged tissue [130].



CNPs not only help to regenerate the central nervous system but also the peripheral. Zhao et al. created an electrospun composite scaffold of graphene and silk fibroin that promotes Schwann cell growth and could be used in the treatment of peripheral nervous system injuries [131]. Similar results were described by Pi et al., who cultured Schwann cells with a scaffold fabricated from polycaprolactone and CNT modified with brain-derived neurotrophic factors that promote cell proliferation and myelin production. The in vivo part of this study proved the regenerative properties of the scaffold. The rat sciatic nerve defect model improved the functional recovery of the damaged sciatic nerve [132].



Nanoparticles can also promote bone, cartilage, skin, and muscle formation and regeneration [133]. Bone injuries, fractures, and bone-affecting diseases are often associated with poor healing and the necessity of the use of bone grafts. A major problem is the limited availability of tissues; the solution would be tissue engineering [133]. In vitro, graphene potentiates the differentiation of stem cells into osteoblasts and enhances osteogenesis. In vivo studies showed that CNPs potentiate the repair of bone defects and ectopic bone formation [134]. Nie et al. prepared a 3D porous nanohydroxyapatite scaffold with GOs and found that (in vivo, in a rabbit model) a circular calvarial defect (4 mm in diameter) was fully healed by this scaffold. They performed CT imaging and analyzed bone tissue samples. The scaffold improved osteogenesis, cell proliferation, and collagen deposition compared to rabbits treated with standard therapy [134]. The results of Daneshmandi et al. also confirmed the osteogenic potential of CNP. They used a 3D scaffold made of graphene functionalized with calcium phosphate, which induced osteogenic differentiation in vitro in human mesenchymal stem cells and bone regeneration in vivo in a mouse calvarial defect model [135].



Li et al. also confirmed the therapeutic potential of CNP materials. They coated a titanium alloy implant with graphene and used it in the treatment of femoral condyle defects in rabbits. The nanomaterial promoted and accelerated osteogenesis and osseointegration. The quality of newly formed bone, bone mineralization, and implant attachment was better in the graphene group than in the non-graphene group [136].



CNPs can help to promote the regeneration of other types of tissue, including sensory, cardiac, and vascular tissue.



Retinal damage often leads to an irreversible loss of sight. To regenerate this important tissue is crucial to protect vision. Carbon nanotubes and nanofibers were used by Chemla et al. to promote the differentiation of human embryonic stem cells into photoreceptor precursor cells. In clinical practice, this could be applied to the treatment of damaged retinas [137].



The incidence of cardiovascular disease continues to rise. Ischemic heart diseases irreversibly damage the myocardium, which has a very limited regenerative capacity and loses its function. In the most severe cases, the only treatment is a heart transplant, but there is a severe shortage of organs. A therapeutic option could be to induce regeneration of the heart muscle and blood vessels or even to create a new functional organ. Scaffolds or injectable hydrogels with CNPs alone or seeded with stem cells might help to induce the regeneration of damaged tissue. They must mimic the extracellular matrix, which provides mechanical support as well as crucial signals required for stem cell maturation and differentiation. They have good biocompatibility, mechanical properties, and electrical conductivity that cardiac cells need to form new functional tissue. The scaffold of PEG with GO cultured with neonatal rat ventricular myocytes facilitated the growth of cardiac cells, their conductivity, and contractility more than PEG [138].



Saravanan et al. fabricated a biodegradable chitosan scaffold with GO-gold nanosheets. They implanted and tested its properties both in vitro in an isolated heart and in vivo in a rat model of myocardial infarction. After 5 weeks, the ECG results showed that the scaffold improved the conduction velocity and the cardiac contraction in the infarcted cardiac tissue. ECHO proved that the implant increased the ejection fraction. These positive effects were not associated with immune system activation and inflammation [139].



The delivery of stem cells to scaffolds with CNPs can promote neoangiogenesis and, thus, restore blood flow in the damaged area [90]. Mukherjee et al. confirmed that different concentrations of GO and reduced GO promote angiogenesis [140]. Neoangiogenesis is also crucial for the regeneration of peripheral nerves. Quian et al. fabricated a polycaprolactone scaffold with GO that supported not only Schwann cells and neurite growth but also angiogenesis, which is necessary for nerve regeneration. The presence of GO enhances the activity of the AKT–eNOS–VEGF axis [141].



We cannot omit the involvement of CNPs in the healing of skin wounds, including chronic and infected wounds. MWCNTs can control infection and accelerate the regenerative processes (fibroblast proliferation, re-epithelialization) even in difficult-to-treat diabetic wounds and burns [142]. Khalid et al. described the effect of bacterial cellulose with MWCNTs, which induced faster closure of diabetic wounds, re-epithelialization, and the formation of healthy granulation tissue. The molecular analysis confirmed a decrease in the levels of proinflammatory cytokines, including IL-1α and TNF-α, while the expression of VEGF increased [143]. Du et al. confirmed the antibacterial properties of graphene. They used a nitrocellulose membrane doped with nanoporous graphene. The membrane reduced the risk of wound infection with Escherichia coli and Staphylococcus aureus and accelerated wound closure and skin recovery [144].



Similar results were obtained by Gupta et al., who tested the nanofibrous film with graphene oxide, silver, and magnesium. In the wound model, the wounds covered with a nanofibrous film showed faster wound contraction and re-epithelialization [145].



The results of the studies show that CNPs have great potential for use in regenerative medicine. They promote tissue neogenesis, remodeling, and regeneration of damaged tissue, and have a low cytotoxicity rate.




13. Nanotoxicity


When we discuss the possibility of using CNPs in medicine, we must not forget the potentially toxic effects of individual nanoparticles. The toxicity of CNPs depends on numerous factors, including physiochemical properties, such as size, shape, charge, functionalization (functionalized nanoparticles may exhibit significantly lower toxicity than pristine ones), corona formation, the duration of exposure, and the dose of CNPs. Nanotoxicity is often time- and dose-dependent.



Experimental and epidemiological studies have shown that CNPs have cytotoxic and genotoxic potential against numerous tissue types and systems (respiratory, cardiovascular, nervous, gastro-hepatic, and reproductive systems). They also show toxicity against the kidneys, immune system, skin, and eyes; in addition, developmental nanotoxicity was confirmed (Figure 6) [3,146]. Damage is often induced by the interaction of CNPs with the cell membrane, nucleus, or mitochondria that is associated with increased production of reactive oxygen species (ROS) and the activation of signal pathways responsible for inflammation, accompanied by increased production of proinflammatory cytokines (TNF-α, IL-6) [147]. Inflammation, ROS, and direct interaction of CNPs with the nucleus can damage DNA and disrupt DNA reparative processes, which may lead to the accumulation of mutations and malignant transformation [148].



The presence of CNPs can also induce cell death (apoptosis, pyroptosis, or necrosis); in particular, necrosis and pyroptosis induce an inflammatory response [149]. In vivo studies detected changes in various tissues, inflammation with the accumulation of immune cells, and fibrotic changes. Importantly, reproductive and developmental changes are documented; the alteration of hormonal levels, decreased sperm production and functions (malformation of sperm and decreased mobility), developmental delays, damage to the nervous or cardiovascular systems, inflammation, and skeletal malformation of the fetus [146]. Toxicity also depends on the route of administration of the CNPs. However, they can also penetrate tissues, enter the bloodstream, and reach distant tissues. Intratracheal instillation results mainly in damage to the lung tissue and the cardiovascular system, whereas per os administration is mainly associated with the accumulation of CNPs in the gastrointestinal tract [150].



Epidemiological studies in workplaces where workers have been exposed to inhaled CNPs for long periods of time also have demonstrated potential health risks of exposure to CNPs. In these persons (workers), changes in the expressions of genes associated with various biological pathways (cell cycle control, carcinogenesis, apoptosis, and cell proliferation), increases in inflammatory cytokines, profibrotic factors, oxidative stress (decreased activity of antioxidant enzymes, such as superoxide dismutase, glutathione peroxidase, and increased ROS production), endothelial activation, and associations with hypersensitivity reactions (allergies) have been described [151].



Single- or short-term exposure to nanoparticles usually does not cause temporary or irreversible tissue damage (as opposed to long-term chronic exposure). When CNPs are used in medical investigation methods, the exposure is short-term, usually a one-off, and targeted with a well-defined dose and route of administration, which can significantly eliminate health risks to the patient. However, these medical procedures (exposures) may increase the health risks for staff exposed long-term to CNPs. The toxicity of nanoparticles can be modulated by their functionalization (polyethylene glycol, poly-l-glutamic acid, etc.), which could reduce the risk of toxicity; on the other hand, the medical functions of CNPs, their distribution in the body, penetration into tissues, response to illumination, etc., could be negatively affected [152].



The risk of toxicity of CNPs in medicine appears to be low, especially for patients; however, it is important to keep it in mind and weigh the benefits and risks.




14. Conclusions


In the presented review, we mentioned only the most important carbon nanoparticles and their possible applications in medicine. Due to their wide applicability, effectiveness, and relatively low price-to-performance ratio, it is possible that carbon nanoparticles will become a common part of clinical practice. The benefits of CNPs are unexceptionable; however, we should note that the use of CNPs also raises concerns about their biosafety. Nanoparticles are a relatively new phenomenon and we still do not know all the factors that can affect their behavior in an environment and the human body. Therefore, in addition to the research, development, and production of new nanomaterials, it is necessary to pay attention to toxicological and biomedical research on their (possible) adverse effects.
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Figure 1. Main types of carbon nanoparticles. 
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Figure 2. Application of CNPs. 
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Figure 3. The principal of phototherapy. Legend: When using GO, it must first be reduced to rGO and functionalized with various substances (human serum proteins, hyaluronic acid, and pharmaceuticals). The functionalized rGO is then exposed to NIR and releases heat. 
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Figure 4. NCP drug delivery system. Graphene conjugated with doxorubicin and a receptor specific for antigens expressed primarily on the target cell. The loaded graphene interacts with the cell membrane, enters the cell, and releases the drug (parts of the figure were drawn using pictures from Servier Medical Art. Servier, licensed under a Creative Commons Attribution 3.0 Unported License.). 
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Figure 5. Regenerative potential of CNPs. Stem cell cultivation with graphene. Induction of the cell and differentiation and tissue formation (nervous tissue and myocardium) (parts of the figure were drawn using pictures from Servier Medical Art. Servier, licensed under a Creative Commons Attribution 3.0 Unported License.). 
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Figure 6. Nanotoxicity. CNPs exhibit nano-toxic effects on various tissue types and systems: cardiovascular, respiratory, nervous, reproductive system, fetal and developmental toxicity, eye and skin toxicity, and digestive and urinary systems (parts of the figure were drawn using pictures from Servier Medical Art. Servier, licensed under a Creative Commons Attribution 3.0 Unported License.). 
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