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Carbon nanomaterials are some of the state-of-the-art materials used in drug-delivery and tissue-engineering research. Compared with traditional materials, carbon nanomaterials have the advantages of large specific surface areas and unique properties and are more suitable for use in drug delivery and tissue engineering after modification. Their characteristics, such as high drug loading and tissue loading, good biocompatibility, good targeting and long duration of action, indicate their great development potential for biomedical applications. In this paper, the synthesis and application of carbon dots (CDs), carbon nanotubes (CNTs) and graphene in drug delivery and tissue engineering are reviewed in detail. In this review, we discuss the current research focus and existing problems of carbon nanomaterials in order to provide a reference for the safe and effective application of carbon nanomaterials in drug delivery and tissue engineering.
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1 INTRODUCTION
Cancer is a disease that greatly affects human survival in this century (Banerjee, 2010; Ouyang et al., 2018a; Ouyang et al., 2018b). Chemotherapy is, currently, one of the clinical methods for treating cancer, but it has serious side effects and limited and individually differenced therapeutic effects (Arias, 2011; Mohanty et al., 2011; Ouyang et al., 2022). To overcome the problems (at least some of them) of chemotherapy in cancer therapy strategies, over the past few decades, various drug-delivery systems have been explored with the aim of targeting cancer delivery and controlled release of therapeutic drugs within lesions (Hubbell and Chilkoti, 2012; Lee et al., 2014; Chen et al., 2017a; Ouyang et al., 2021). In particular, in order to improve the specificity of treatment, researchers have used nanotechnology to design different types of targeted drug-delivery systems, which have been proven effective in preclinical animal experiments (Jin et al., 2015; Zheng et al., 2015; Luo et al., 2016; Chen et al., 2017b). Targeted drug-delivery vehicles for cancer therapy not only exhibit excellent in vivo pharmacokinetic characteristics and tumor-homing ability but also enable selective control of drug release in diseased regions (e.g., cancer), resulting in the high efficacy and minimal side effects of cancer-specific treatments (Chen et al., 2014; Das et al., 2015; Wang et al., 2018).
Tissue engineering involves the reproduction and regeneration of damaged organs and tissues (Webber et al., 2015; Langer and Vacanti, 2016). Engineered tissues require tissue, cellular, morphological and physiological characteristics that are similar to those of in vivo tissues to achieve their potential (Freed et al., 1994; Khademhosseini et al., 2009; Tamayol et al., 2013). Therefore, the design of functional tissue engineering must possess several key elements for guiding cell growth and regulation, delivering bioactive molecules and generating appropriate physical and chemical signaling cues. These can be achieved by specific nanomaterials that possess the unique features and properties among single atoms and continuous bulk structure.
Carbon is one of the most important and closely related elements in nature. Carbon atoms can form stable single, double and triple bonds with sp3, sp2 and sp hybrid orbitals, respectively, thus forming a variety of functional materials with completely different structures and properties. For example, quaternized carbon nanospheres (QCNSs) (Jiang et al., 2017) with superior antibacterial activity; water-dispersible carbon nano-onion clusters (CNOCs) (Sun et al., 2019) with high photothermal conversion efficiency; and nano-diamonds (Gupta et al., 2017) that can be used to treat cancer, etc. In recent decades, the importance and potential of carbon nanomaterials have been recognized by some of the highest scientific awards, including the 1996 Nobel Prize in Chemistry (fullerenes), the 2008 Kavli Prize in Nanoscience (carbon nanotubes) and the 2010 Nobel Prize in Physics (graphene). These show that carbon nanomaterials and their applications are encountering their most rapid development and represent a very important topic in modern materials science (Lu and Schüth, 2006; Linares et al., 2014; Rondeau-Gagné and Morin, 2014; Titirici et al., 2015).
This article presents the latest trends in the synthesis, characterization and applications of carbon nanomaterials (such as CDs, CNTs, graphenes and their composites) through a comprehensive analysis of the creations of some of the most prominent contributors. We conclude that the sustainable development of carbon nanomaterials science can provide innovative solutions for a sustainable future and a clean environment (Scheme 1).
[image: Scheme 1]SCHEME 1 | The outline in this review.
2 SYNTHESIS METHODS AND RELATED STRUCTURES OF CARBON NANOMATERIALS
2.1 Synthesis methods and related structures of CDs
Since 2006, CDs have received extensive attention as new members of the quantum dot family and are expected to become new fluorescent nanomaterials (Ponomarenko et al., 2008). CDs are a class of zero-dimensional (0D) carbon nanomaterials with a size of less than 10 nm and a 0.34 nm lattice corresponding to the (002) plane of graphene. When prepared using solution methods, CDs usually have many (epoxy, hydroxyl, carbonyl and carboxyl) functional groups on their surface. These functional groups lead to CDs being water-soluble and being able to connect to various organic polymers or biomolecules. The unique optical properties of tunable luminescence from the ultraviolet to the near-infrared (NIR) and multiphoton upconversion luminescence exhibited by CDs are influenced by surfaces, quantum confinement and edges. We, therefore, control these properties by controlling the shape and size of CDs, as well as by heteroatom doping and surface modification (Liu et al., 2013). In addition, compared with organic dyes and traditional semiconductor quantum dots, CDs not only have the characteristics of photobleaching resistance and photostability but also have better biocompatibility and lower toxicity. To reduce synthesis costs and take better advantage of the unique properties of CDs, researchers have carried out extensive research in a variety of fields, including optical sensing, biological imaging, photocatalysis and electrocatalysis. In 2013, researchers successfully produced fluorescent CDs with blue light. Their quantum yield (QY is about 80%) in aqueous solution is comparable to that of semiconductor quantum dots. This further promotes the development of CDs in the field of biological imaging (Figure 1) (Zhu et al., 2013). Since then, researchers have attempted to use CDs for biomedical and optoelectronics applications such as photodynamic therapy, drug delivery, solar cells and light-emitting diodes. In recent years, graphene quantum dots (GQDs) have attracted great attention as another 0D fluorescent carbon nanomaterial. GQDs are defined as nanographene sheets less than 10 nm in size. Compared with CDs, they are usually a single graphene layer; therefore, they have fewer atomic layers and better crystallinity.
[image: Figure 1]FIGURE 1 | Printed patterns obtained by CD ink and the integration of CDs and polymers. (A) Different graphic patterns on paper (illuminated by a portable UV lamp). (B) Inks in multiple colors, tuned by the CD concentration in aqueous solution (illuminated by a portable UV lamp). (C) CD ink patterned on hydrophilic photoetching stripes (under UV, blue, and green light excitation). (D) Fluorescence microscopy images of PVA/CD nanofibers with UV, blue, and green light excitation. The fluorescence microscopy images in (C) and (D) were obtained through band-pass filters of different wavelengths: 450 nm, 550 nm, and 580 nm. (E) Bulk PDMAA/CD nanocomposites (The PL intensity was unchanged after 2,000 W UV exposure for 30 min).
There are two methods for CD synthesis: bottom-up and top-down methods. The former consists in the pyrolysis and carbonization of small organic molecules or the stepwise chemical fusion of small aromatic molecules, while the latter is achieved by chemically, electrochemically or physically decomposing larger carbon structures into smaller carbon structures. The selected synthetic material and synthesis methods usually determine the physicochemical properties of the synthesized carbon spots, such as oxygen/nitrogen content, size, crystallinity and fluorescence properties, including fluorescence quantum yield, colloidal stability and compatibility, etc.
2.1.1 Top-down methods
The first discovered and reported fluorescent CDs were prepared using the top-down method. The method is employed in the presence of water vapor, using argon as a protective gas, and the laser ablation of graphite is performed to synthesize carbon dots after surface passivation and acid oxidation. Since then, researchers have developed top-down methods by reducing the structure of graphene, graphene or Go sheets, and CNTs to achieve a perfect sp2 hybrid structure. For the top-down approach, scientists have developed a number of methods to fracture carbon structures into CDs, such as arc discharge, laser etching, nano-photolithography, electrochemical oxidation, hydrothermal or solvothermal, microwave-assisted, ultrasound-assisted, chemical stripping and nitric/sulfuric acid oxidation. These synthetic methods are always complex and uncontrollable, with relatively low yields and quantum yields, and some are even environmentally harmful, making them unsuitable for the mass production of CDs with high fluorescent quantum yields.
2.1.2 Bottom-up methods
In contrast, bottom-up methods typically use designed precursors and preparation methods to control CDs with good molecular weight and properties, shape and size. At the same time, the bottom-up method is low-cost and can mass-produce fluorescent CDs, which is the prerequisite to ensure the practical application of CDs. Hydrothermal treatment of citric acid or carbohydrates, laser irradiation of toluene, stepwise solution chemistry of benzene derivatives and precursor thermolysis have been used to successfully prepare carbon points. In addition to the above precursors, glycerol, amino acids, ascorbic acid and other molecules rich in carboxyl, hydroxyl and amino groups are suitable carbon precursors. They are dehydrated at high temperatures and further carbonized to form carbon spots.Yang and co-workers synthesized nitrogen-doped carbon sites with about 80% quantum yield via hydrothermal treatment of citric acid and ethylenediamine (Zhu et al., 2013). In addition, the luminescence color and quantum yield of CDs can be regulated by adjusting the amount of auxiliary inorganic substrates such as KH2PO4, NaOH and H3PO4, or the ratio of reagents. For example, Bhunia et al. (2013) used different carbohydrates and dehydrating agents as carbon precursors to synthesize visible-light-tunable high-fluorescence CDs at different temperatures. In addition, nucleation and growth kinetics were controlled by changing the dehydrating agent and reaction temperature. This synthesis method can control particle sizes of less than 10 nm and can synthesize CDs with adjustable emission and relatively high fluorescence quantum yield.
2.1.3 Surface modification
Surface modification is a prerequisite for the further biomedical applications of CDs. Using different surfactants, the solubility of CDs in non-polar solvents can be enhanced, while their fluorescence properties can be adjusted. CDs with different groups on their surfaces can be synthesized to fulfill different functional requirements. Therefore, suitable biodegradable polymer precursors with different group components, such as amines, carboxylic acids and hydroxyl, can be selected to modify CDs. For example, the carboxyl groups on the CD surface make it hydrophilic during synthesis and can be mixed with polyethylene-glycol-containing amino groups to generate functionalized CDs. Thus, proper surface modification is beneficial to the further application and development of CDs in the biomedical field before biological application.
2.2 Synthesis methods and related structures of CNTs
Bare CNTs have a strong hydrophobic surface and are difficult to dissolve in water. For biomedical applications, surface functionalization of CNTs can improve the biocompatibility of CNTs and reduce their toxicity. Surface modification of CNTs mainly includes non-covalent modification and covalent modification. Non-covalent modification is to connect amphiphilic polymers to the surface of CNTs through hydrophobicity, while covalent modification is to connect hydrophilic molecules to the surface of CNTs through covalent bonds to increase their water solubility.
2.2.1 Covalent modification of CNTs
Various covalent-bond modification methods have been used in the functionalization of CNTs, among which oxidation reaction is the most important modification method. The oxidation of CNTs mainly uses nitric acid as oxidant. In this oxidation process, carboxyl groups appear at the ends and defect positions of CNTs, which makes CNTs water-soluble to a certain extent. However, the oxidized CNTs accumulate and precipitate in salt solution, which cannot be directly used in living systems (because most living systems contain high-salt solution). Further surface modification is necessary for biomedical applications of CNTs. Polyethylene glycol (PEG), as a widely used surfactant, has been used to covalently modify CNTs in vivo and in vitro. Another widely used method of modifying CNTs is the cycloaddition reaction, which occurs on the side of the aromatic ring rather than at the end of the nanotubes or at the site of the defects formed by oxidation. The cycloaddition reaction connects the azide to the CNTs through a photochemical reaction. Prato et al. developed a method to modify CNTs by 1, 3-dipole cycloaddition reaction (Tagmatarchis and Prato, 2004). This method is also one of the most common modification methods.
Because the covalent modification method destroys the structure of carbon nanotubes, the inherent physical properties of carbon nanotubes, such as photoluminescence and Raman scattering, are destroyed after the chemical reaction. For example, the Raman scattering and photoluminescence intensity of single-walled carbon nanotubes (SWCNTs) are greatly weakened after covalent modification, which reduces the potential optical applications of this class of materials.
2.2.2 Non-covalent modification of CNTs
Compared with covalent modification, the non-covalent modification of carbon nanotubes involves the modification of polymers or amphiphilic surfactant molecules onto the surface of CNTs. In the process of non-covalent modification, the chemical structure of CNTs is not damaged, but the length of CNTs is shortened by ultrasound in the process of functionalization, and other physical properties are retained. Therefore, the aqueous solution of CNTs, especially SWCNTs, can be used in various fields of biomedicine through non-covalent modification.
The aromatic carbon graphite surface of CNTs can be loaded with aromatic molecules by π–π stacking. Using the π–π interaction between CNTs and pyrene, Dai’s group used pyrene and its derivatives to non-covalently modify CNTs and found that proteins can be fixed to the CNTs modified by pyrene derivatives (Chen et al., 2001; Wu et al., 2008). In addition, Bertozzi et al. also modified CNTs with pyrene-linked sugar tree molecules (Moon et al., 2008). In addition to pyrene derivatives, single-stranded DNA is also widely used to modify carbon nanotubes, mainly through π–π stacking between the nanotube surfaces and the aromatic rings in DNA (Kam et al., 2005). However, Moon et al. found that the SWCNTs modified by DNA molecules were unstable in vivo because they contained nuclease to degrade DNA (Moon et al., 2008). Dai et al. found that fluorescein-labeled PEG chains could modify SWCNTs, and fluorescein labeled CNTs were obtained by π–π stacking between aromatic rings on fluorescein and CNTs for biological imaging (Nakayama-Ratchford et al., 2007). In addition, other aromatic molecules have also been used to non-covalently modify CNTs.
A variety of amphiphilic molecules are used to suspend CNTs by van der Waals forces and hydrophobicity to connect the hydrophobic part to the surface of the nanotubes, while the hydrophilic part is exposed to improve the water solubility of the nanotubes. In the process of biological detection based on SWCNTs, CNTs have been non-covalently modified with Tween-20 and block copolymer to reduce the non-specific adsorption between CNTs and proteins. Cherukuri et al. used block copolymer to modify CNTs for in vivo experiments (Cherukuri et al., 2006). However, using block copolymers to modify CNTs is not stable enough in vivo because proteins in plasma replace them. In addition, common surfactants such as sodium dodecyl sulfate and Tween-100 can be used to suspend CNTs, making them water-soluble. Amphiphilic-polymer-modified CNTs have a relatively high critical micelle concentration and are unstable in solution without the presence of other surfactants. This modification method is not suitable for use in biological systems, because large amounts of surfactant may dissolve cell membranes and denature proteins. An ideal non-covalent modification of CNTs for modifying biological systems should have the following characteristics: First, the modified molecule should be either non-toxic or biocompatible. Second, the polymer modified on the surface of CNTs should be stable enough to prevent dissociation in biological systems, especially in plasma solutions containing salts and proteins. Amphiphilic-polymer-modified CNTs should have a low critical micelle concentration value and maintain the stability of the CNTs after removing the excess modified molecules. Third, the modified molecule should have functional groups that can be used for biological coupling (such as linking antibodies or other molecules), allowing CNTs to be used for different aspects of biological applications.
Dai and co-workers developed non-covalent PEG-phospholipid (PL-PEG)-modified CNTs to meet the various needs of biomedicine and obtained highly water-soluble CNTs and their various functionalities (Figure 2) (Liu et al., 2008). Because phospholipids are a major component of cell membranes, they are safer than biological systems. During the modification process, two hydrocarbon chains of liposomes were anchored on the surface of the CNTs, while the hydrophilic chains extended to the water phase, making the CNTs water-soluble and biocompatible. Different from surfactant-modified CNTs, PL-PEG-modified SWCNTs have good stability in solution, including serum. PL-PEG of different PEG lengths and structures can be used to modify SWCNTs. Binding of biomolecules may be affected by amino interactions with PEG terminals. Using this strategy, PEG-modified single-walled CNTs have been successfully applied in the biomedical field, mainly including biological detection, biological imaging and drug delivery.
[image: Figure 2]FIGURE 2 | Carbon nanotube for PTX delivery. (A) Schematic illustration of PTX conjugation to SWCNT functionalized by phospholipids with branched PEG chains. (B) UV-VIS-NIR spectra of SWCNT before (black curve) and after PTX conjugation (red curve). (C) Cell survival versus concentration of PTX for 4T1 cells treated with Taxol, PEG-PTX, DSEP-PEG-PTX, or SWNT-PTX for 3 days.
2.3 Synthesis methods and related structures of graphenes
The research upsurge of graphene has led to a strong interest in the preparation of materials by researchers at home and abroad, and different preparation methods are adopted according to their respective uses. Currently, graphene materials can be prepared by either bottom-up synthesis (including chemical vapor deposition (CVD) and chemical methods such as organic synthesis) or top-down synthesis (including mechanical stripping). In addition, the chemical oxidation method, the crystal epitaxy growth method and the CNT stripping method are also used (Loh et al., 2010; Yang et al., 2013a). Among these methods, the oxidative exfoliation method, which was discovered by Hummers and Offeman in 1958 to generate GO by reacting natural graphite with strong acids and strong oxidizing substances, is widely used to prepare graphene oxide (GO) (Hummers and Offeman, 1958). This method is the easiest way to obtain large quantities of nanographene and its derivatives. The prepared GO leaves a large number of epoxy, hydroxide and carboxyl groups on its surface for subsequent surface modification or linking to targeted molecules such as peptides or antibodies.
Many articles have reported the extensive application of GO and its derivatives (including reduction GO (RGO) and GO complexes) in biomedicine, but good surface modification of GO and its derivatives is essential. For example, Liu’s group prepared RGO with oxygen-containing hydrophilic groups, which were lost in the reduction process; it existed in the form of particles in aqueous solution and was not soluble in water. In addition, although the prepared GO can maintain good stability in aqueous solution, GO agglomerates in physiological solutions such as PBS, normal saline and cell culture medium, which may be caused by the charge-shielding effect in the presence of salt ions. Only through good surface modification can we improve the stability of nanomaterials, including GO in vivo, and control their behavior in vivo. GO and its derivatives can be modified appropriately according to different use purposes. At present, a variety of modification methods, including covalent modification and non-covalent modification, are widely used in the surface modification of GO and its derivatives for biomedical applications (Feng and Liu, 2011; Yang et al., 2012a). In addition, many inorganic nanoparticles are grown in situ or adsorbed onto the GO surface to obtain functional complexes based on nanographene (Yang et al., 2012b).
2.3.1 Covalent modification of graphenes
Many active chemical groups (such as hydroxyl groups, epoxy and carboxyl) exposed at the GO edges and defect sites can be covalently linked to modify nanographene (Park and Ruoff, 2009). PEG is a strong hydrophilic polymer, which is widely used for modifying all kinds of nanometer materials, so as to improve their biocompatibility, reduce the nanomaterials non-specific adsorption of biological molecules and cells, and further improve the nanomaterials in vivo to better pharmacokinetically promote tumor targeting (Liu et al., 2007a). In 2008, Dai and co-workers used the amino-terminal-branched PEG to modify GO for the first time, mainly connecting the amino group of PEG to the carboxyl group on the surface of GO, so as to obtain PEG-modified GO (NGO-PEG) of ultra-small size (10–50 nm). NGO-PEG has shown excellent stability in a variety of physiological solutions (Yang et al., 2010). Since then, PEG-modified GO has been widely used in cell and in vivo biomedical research (Yang et al., 2010; Yang et al., 2011b)
In addition to PEG modification, many other hydrophilic macromolecules are used to covalently modify nanographene. Liu’s group covalently modified GO with aminated dextran, which could significantly improve the stability of GO in physiological solution (Zhang et al., 2011). Bao et al. used chitosan to covalently modify nanographene for drug and gene delivery (Bao et al., 2011). In addition, Gollavelli’s and Ling’s groups modified the GO functional complex with polyacrylic acid to improve its biocompatibility (Gollavelli and Ling, 2012). In addition to reacting with the carboxyl group on the GO surface, the epoxy group on the GO surface can also connect to the polymer to improve its stability. In a recent study, Niu et al. modified GO using an amino group on polylysine linked to an epoxide group on the surface of GO (Shan et al., 2009).
In addition, besides using hydrophilic polymers to modify GO, there are some other methods, such as using some small molecules to modify GO. Zhang and co-workers reported that sulfonic acid can covalently connect to the GO surface to improve the stability of GO in physiological solution (Zhang et al., 2010). Prato’s group modified GO with methylene nitride via a 1,3-dipole cycloaddition reaction (Quintana et al., 2010). However, the use of small molecule modifications of GO may require more testing in biological experiments to determine their biocompatibility.
2.3.2 Non-covalent modification of graphenes
In addition to covalently modifying nanographene, nanographene can also be non-covalently modified with polymers or biological macromolecules through hydrophobic interactions, π–π stacking or electrostatic adsorption. GO can interact with surfactants and hydrophilic polymers to improve their water solubility. However, for biomedical applications, biocompatible-polymer-modified GO is better than small-molecule-surfactant-modified GO. Park et al. (2010) used the biocompatible molecule triton to modify reduced nanographene. Hu et al. (2012) used Pluronic F127 (PF127) to modify nanographene. The hydrophobic part of PF127 was connected to the GO surface through hydrophobic action, and the hydrophilic part extended into the solution, so as to prepare a very stable GO PF127 complex. Recently, Professor Dai Hongjie’s group prepared an ultra-small RGO, which was non-covalently modified by amphiphilic PEGylated polymer and attached with Arg-Gly-Asp (RGD) to improve its biocompatibility (Robinson et al., 2011). In recent work, Liu’s group used branched PEG to modify RGO and obtained RGO–PEG with very stable properties. RGO–PEG has an extremely long blood circulation time and can be used for photothermal therapy of tumors (Yang et al., 2012b).
The non-covalent modification methods listed above are based on the hydrophobic forces between hydrophilic polymers on the GO surface. Since the surface of GO has a strong negative charge, a polymer with positive charge can bind to the surface of GO through the effect of charge, so as to achieve the effect of modification. Liu’s group modified GO with a positively charged polymer, polythylene-imine (PEI), commonly used in gene transfection to obtain a very stable GO–PEI complex in physiological solution, while reducing the toxicity of PEI alone and improving the efficiency of GO-based gene transfection (Feng et al., 2011). In addition, Dong et al. (2011) used the same method to modify graphene nanoribbons to obtain PEI–NGR complexes for cell gene transfection and in situ microRNA detection. Misra’s group used the same approach for drug delivery. DOX-loaded GO was modified with positively charged folic-acid-linked chitosan to obtain DOX–GO–Chitosan–Folate nanocarriers for pH-controlled drug release (Depan et al., 2011).
In addition to the use of synthetic polymers to modify GO, some natural biomolecules such as proteins and DNA can also modify GO. Recently, Huang et al. modified GO with fetal bovine serum to obtain a GO–protein complex. Compared with GO without surface modification, GO–protein significantly reduced cytotoxicity (Figure 3) (Hu et al., 2011). In addition, non-polarized amino acids in BSA can also bind to the GO surface by hydrophobic forces. In another work, Liu et al. (2011) modified GO with gelatin. Graphene and GO have very high electrons on the surface, so GO can be linked to many aromatic molecules through π–π stacking.
[image: Figure 3]FIGURE 3 | Characterization of interaction of GO with FBS proteins. (A) SDS-PAGE of FBS proteins in the supernatant after centrifugation. (B) AFM images of GO (left) and FBS-coated GO nanosheets (right). (C) FBS protein loading ratio on the surfaces of GO at different incubation times. (D) BSA loading capability of GO, SWCNTs, and MWCNTs.
3 ADVANCES IN THE DRUG DELIVERY OF CARBON NANOMATERIALS
3.1 CD-based carbon nanomaterials for drug delivery
Because CDs have many advantages, such as fast cell extraction, good biocompatibility, strong fluorescence, high stability and no influence on drug activity, many researchers use CDs as multifunctional carriers for drug release and loading (Wang et al., 2022). For example, CDs were embedded into the zeolite imidazole framework (ZIF), and the fluorescence intensity and size of the nanocomposite were optimized by changing the concentration of carbon points and precursors; then, 5-fluorouracil was loaded with the nanocomposite as a carrier for pH-responsive drug release. Tang et al. developed a fluorescence resonance energy transfer (FRET)-based carbon drug-delivery system (Figure 4) (Tang et al., 2013). CDs could serve as FRET donors or could be loaded with anticancer drugs. Since the distance between the acceptor and donor significantly affects FRET signaling, it can be used to sensitively monitor the release of the chemotherapeutic drug doxorubicin from carbon dots in real time. Hua et al. (2017).prepared a novel fluorescent carbon quantum dots (or carbon dots, CDs) for the first time by one-step hydrothermal treatment of chitosan, ethylenediamine and mercaptosuccinic acid. The as-prepared CDs have mitochondrial targeting ability without further modification of other mitochondriotropic ligands. The CDs-RB nanomissiles generated by conjugating CDs with the photosensitizer rose bengal (RB) can target/accumulate in the mitochondria of cells to achieve mitochondria-targeted photodynamic therapy. Yang et al. (2017). Passivated multifunctional carbon quantum dots (or carbon dots, CDs) with polyamine-containing organosilane molecules. The as-synthesized CDs exhibit negligible cytotoxic/systemic side effects, enabling simultaneous cellular imaging and anticancer drug delivery. Hua et al. (2018). Synthesized a novel class of multifunctional fluorescent carbon quantum dots (or carbon dots, CDs) by a one-pot hydrothermal reaction of m-phenylenediamine and L-cysteine, with no toxic side effects, can achieve high-quality nucleolar imaging in living cells and track nucleolus-related biological behaviors in real time. Furthermore, upon conjugation with the commonly used photosensitizer protoporphyrin IX (PpIX), the resulting CD-PpIX nanomissiles can rapidly and specifically target tumor sites and cause efficient tumor ablation after laser irradiation.Therefore, drug delivery based on CDs shows great potential in biomedical applications.
[image: Figure 4]FIGURE 4 | (A) A schematic representation of the surface coupling chemistry for FRET-CD-DDS. (B) Proposed mechanism of the FRET-CD-DDS for drug delivery.
3.2 CNT-based carbon nanomaterials for drug delivery
Due to carbon nanotubes having different surface chemistries and sizes, they can enter cells through two pathways: a free diffusion/penetration pathway that requires no energy and an energy-dependent endocytosis pathway. Because all atoms are exposed on the SWCNT surface, it has a large specific surface area, so SWCNT can be loaded with proteins, DNA and aromatic drugs via π–π stacking and hydrophobic interactions (Nurunnabi et al., 2013; Yang et al., 2013b). In addition to non-covalent adsorption, small molecules of drugs can also be loaded onto carbon nanotubes through chemical bonds (such as ester bonds, disulfide bonds), giving these drugs highly stimulating and responsive drug release, thus achieving effective tumor therapy.
In 2007, Dai’s group discovered that doxorubicin, widely used as an antitumor agent, could be effectively loaded onto the surface of SWCNTs (PL-PEG-modified) via hydrophobic interactions and π–π stacking. (Figure 5) (Liu et al., 2007b). The results showed that up to 4 g of DOX could be loaded per Gram of SWCNTs. DOX loaded onto SWCNTs can be used for pH-dependent drug release, and targeted cell killing can be achieved when targeted molecules are attached to the surface of PEG-modified SWCNTs (SWCNT-PEG). In subsequent work, DOX loaded on SWCNT-PEG was found to be less toxic to mice and to achieve good antitumor effects after intravenous injection into mice (Liu et al., 2009). Both studies demonstrated that suitably surface-modified SWCNTs would be good drug-delivery vectors. This efficient drug-loading strategy can be generalized to other structurally similar drug carriers (such as MWCNTs) and a variety of other aromatic drug molecules for effective drug loading and cancer treatment. Dahri et al. (2021) grafted a smart carrier composed of dimethylacrylamide-trimethyl chitosan (DMAA-TMC) on functionalized SWNTs, which improved the biocompatibility and biodegradability of the SWCNTs. Therefore, smart drug delivery carrier can be used to load, transport and release cancer chemotherapy drugs.
[image: Figure 5]FIGURE 5 | (A) Schematic structure of PLSWNT-RGD-DOX. (B) Confocal fluorescence images. Concentration dependent survival curves of U87MG cells (C) and MCF-7 cells (D) treated by various samples, as indicated.
In addition, many studies have shown that some drug molecules can be linked to the functional groups or the surface-modified polymers on the surface of CNTs through breakable bonds. In 2008, Dai and co-workers connected paclitaxel (PTX; widely used as an anticancer drug) to a branched PEG (SWCNT–PEG–PTX) chain modified with SWCNTs via a broken bond. In vivo experiments showed that SWCNT–PEG–PTX had a good inhibitory effect on 4T1 breast cancer in mice, and the therapeutic results were better than those of paclitaxel (Liu et al., 2008). At the same time, platinum compounds (cisplatin prodrugs) were covalently linked to non-covalently modified SWCNTs such as paclitaxel (Dhar et al., 2008). They found that in the highly redox environment of cancer cells, conjugated platinum (IV) compounds could be easily reduced to cytotoxic cisplatin and specifically kill cancer cells with the help of folic acid linked to the surface of SWCNT–PEG. In addition to using SWCNTs as intracellular drug-molecule delivery carriers, MWCNTs are also effective drug carriers for drug delivery and tumor therapy (Wu et al., 2009).
3.3 Graphene-based carbon nanomaterials for drug delivery
In the past few decades, nanoparticle-based drug delivery has been widely used in tumor chemotherapy, with the aims of improving tumor treatment effectiveness and reducing toxic side effects. Since 2008, numerous research groups have been working on nanographene-based drug-delivery systems. Monolayers of GO or RGO can be used for drug loading due to their large specific surface area. The electrons on the nanographene surface can be combined with various aromatic drug molecules through π–π bonds; then, the functionalized GO or RGO surfaces can be linked with targeting molecules to selectively deliver drugs to specific cells.
Inspired by the use of CNTs for drug loading, GO with different surface modifications can also be used as a carrier to be connected with the loading of various anticancer drugs through physical adsorption or covalency. The anticancer drugs mainly include doxorubicin (DOX), camptothecin (CPT), SN38, ellagic acid, β-lapachone (β-lapachone) and 3-bis-(chloroethyl)-1-nitrosorea (BCNU). In 2008, Dai’s group used PEG-modified nanocrystalline graphene to obtain RGO–PEG, which is very stable in physiological solutions and can be loaded with the water-insoluble drug SN38 via π–π interactions. Compared with the anticancer efficiency of CPT11, the NGO–PEG–SN38 nanocomplex significantly improved its ability to kill tumor cells (Yang et al., 2010). The use of GO as a good drug carrier has also been reported by different research groups (Liu et al., 2011). To achieve targeted delivery of drugs into specific cells, Dai et al. attached an anti-CD20 antibody to the RGO-PEG surface and then loaded DOX to selectively kill B-cell lymphoma (Sun et al., 2008). Zhang et al. found that sulfonic-acid-modified GO coupled with folic acid could target cells with high expression of folate receptors. In addition, DOX and CPT, two anticancer drugs, were simultaneously loaded onto the GO surface to achieve the synergistic killing effect of tumor cells (Zhang et al., 2010).
Recently, many research groups have also developed drug-delivery systems based on GO that can respond to environmental stimuli. Shi’s team developed GO modified with a PEG shell to prevent the NGO–PEG from releasing the loaded drugs (e.g., DOX). They modified GO with newly synthesized PEG cross-linked with disulfide bonds that release DOX upon cleavage of the disulfide bonds in a reducing environment and found that DOX delivery using such a loading system significantly improved the therapeutic efficacy of tumor cells (Figure 6) (Wen et al., 2012). In addition, Pan designed a heat-sensitive drug carrier based on GO. Firstly, the heat-sensitive polymer PNIPAM [Poly (N-isopropylacrylamide)] was chemically connected to the GO surface to obtain a very stable GO–PNIPAM complex under physiological conditions without obvious toxicity to cells. After loading CPT, GO–PNIPAM–CPT showed an excellent tumor-cell-killing ability compared with CPT alone (Pan et al., 2011).
[image: Figure 6]FIGURE 6 | Schematic diagram showing antitumor activity of redox sensitive DXR-loaded NGO-SS-mPEG.
In addition to using functionalized GO as a drug-delivery vector, many research groups still use drug delivery based on GO functional complexes. In 2009, Yang et al. (2009) used a GO–IONP nanocomposite to load DOX and achieve controllable release of DOX in pH response. At the same time, they utilized the magnetic properties of GO–IONP to link folic acid to achieve dual targeted drug delivery based on GO–IONP (Yang et al., 2011a; Yang et al., 2011b). Liu and co-workers prepared GO–IONP nanocomposites by high-temperature reactions and then covalently modified GO–IONP with amino PEG to improve its stability and biocompatibility. The GO–IONP–PEG obtained can be used for magnetic targeted drug delivery and photothermal therapy of tumor cells (Ma et al., 2012).
4 ADVANCES IN THE TISSUE ENGINEERING OF CARBON NANOMATERIALS
4.1 Application of CDs in tissue engineering
Manufactured scaffolds should possess the following properties to be applicable for tissue engineering: 1) high porosity of interconnected pore structure, 2) larger surface area, 3) suitable mechanical strength, 4) better biocompatibility and 5) controlled biodegradability (Nidhin et al., 2014; Raja and Fathima, 2018; Babbar et al., 2020). Meanwhile, CDs are integrated into various polymer scaffolds to enhance their application in tissue engineering (Shafiei et al., 2019).
4.1.1 Cardiac-tissue engineering using CD-based carbon nanomaterials
Ren et al. prepared p-phenylenediamine functionalized CD-mediated silk fibroin-PLA (SF-PLA) nanofibrous scaffolds. It has better mechanical properties and can be applied in cardiac-tissue engineering and nursing care (Figure 7) (Yan et al., 2020). In the absence of any external electrical supply, the incorporation of CDs into SF-PLA scaffolds significantly enhanced cell adhesion, proliferation and mRNA expression of cardiac genes (Tnnc1, Tnnt2, Cx43, and Atp2a2).
[image: Figure 7]FIGURE 7 | In vitro fluorescence cell viability images and Quantified cell viability of the Silk fibroin/PLA in the presence and absence of CQD nanoparticles at 1, 3, 5, and 7 days of culture.
4.1.2 Bone-tissue engineering using CD-based carbon nanomaterials
Shafiei et al. developed nanofibrous scaffolds for efficient bone-tissue engineering application by an electrospinning method (Shafiei et al., 2019). Non-invasive scaffolds based on CD-peptide-mixed tannin-polyurethane (CDP-f-PU) fabricated by Gogoi et al. (2017) exhibited higher biocompatibility, osteoconductivity and osteodifferentiation ability in bone-tissue regeneration. Ghorghi et al. (2022) fabricated Captopril/CQDs/polycaprolactone (CP-CQDs-PCL) nanocomposite scaffolds with reduced fiber diameter due to the conductive properties of CQDs in the scaffolds (Figure 8). The scaffold with 0.5% CQD significantly increased the adhesion, proliferation and ALP activity of MG-63 cells, which was sufficient for bone-tissue engineering applications.
[image: Figure 8]FIGURE 8 | The SEM micrographs of electrospun scaffolds with the magnification of 5.00 Kx: S1, S2, S3, S4, S5, S6, S7, and S8.
4.2 Applications of CNTs in tissue engineering
4.2.1 Neuronal-tissue engineering using CNT-based carbon nanomaterials
It has been reported that CNTs can support neuronal attachment, promote the generation of neurites and be directly used as substrates for neuronal-tissue engineering (Koppes et al., 2016; Arslantunali et al., 2014; Lee et al., 2018; Shao et al., 2018; Shrestha et al., 2018; Wang et al., 2018; Wu et al., 2017; Xia et al., 2019). However, the potential toxicity of biological systems and the difficulty in generating canonical 2D/3D structures limit their utilization. Although polymer scaffolds have excellent biocompatibility, their poor electrical conductivity and the fact that they are not easily stretched limit their application in electrically propagating tissues. However, in combination with carbon nanotubes with strong electrical conductivity and good mechanical properties, they can be used in neuronal-tissue engineering, while the polymer scaffold minimizes the toxic effects of carbon nanotubes. Numerous studies have shown that carbon nanotubes and biocompatible polymers combined with each other can be used as two-dimensional conductive meshes or membranes for neural-tissue engineering (Table 1).
TABLE 1 | A list of CNTs with polymers for neural tissue engineering.
[image: Table 1]Shao et al. (2018) synthesized membranes composed of carbon nanotubes and poly (Dimethyl Diallyl Ammonium chloride). These membranes can provide potent regulatory signals for the adhesion, differentiation and growth of neural-stem-cell-derived neurons. Wu et al. (2017) studies on Schwann cells showed that the biocompatible chitin/carbon nanotube (Ch/CNT) composite hydrogel not only had no cytotoxicity nor neurotoxicity but also exhibited increased proliferation, adhesion and diffusive bodies, and cells exhibited greater extension and elongation. Arslantunali et al. (2014) designed the MWCNT/poly (2-hydroxyethyl methacrylate) composite catheters, which can promote peripheral nerve regeneration.
More recently, Xia et al. (2019) reported electrospun fibrous scaffolds constructed using polyvalent polyanion-dispersed carbon nanotubes, which can be used for neural-tissue regeneration. The results demonstrated that the scaffold acts as a biocompatible platform for pluripotent stem cell (IPS) adhesion and proliferation, while being able to induce higher differentiation of IPSs. Furthermore, aligned fibers can guide neurites to grow in specific directions. Lee et al. (2018) synthesized MWCNT and PEGDA composite scaffolds; when combined with electrical stimulation, they showed synergistic effects on promoting nerve growth in neural-tissue engineering.
Shrestha et al. (2018) developed a self-electrically stimulating bilayer nerve guide catheter (NGC) for neural-tissue engineering. The results of cell experiments showed that this NGC can enhance the proliferation, differentiation and adhesion of PC 12 cells and Schwann cells. Furthermore, cells can be observed to distribute along the aligned fibers. Wang et al. (2018) produced a poly (lactic-co-glycolic acid) (PLGA) composite scaffold that could guide the growth of PC12 cells and DRG neurons along the fiber direction. Furthermore, by applying electrical stimulation, the material PC12 cells and DRG neurons loaded with polylactic-co-glycolic acid (PLGA) composite scaffolds exhibited longer neurite lengths, and PC12 cells under 40 mV electrical stimulation also increased compared with the control differentiation. Similarly, Koppes and colleagues (Koppes et al., 2016) synthesized composite scaffolds by mixing carboxylated SWCNTs with hydrogels, which could be applied by direct current stimulation. With the increase in SWNT loading, the electrical conductivity of the composite scaffolds increased significantly, resulting in a marked improvement in neurite outgrowth. Furthermore, by applying electrical stimulation, the growth of the SWCNT-loaded material was increased by a factor of 7.0 compared with the control. However, the exact mechanism of neurite elongation is not well understood, so further research is required.
4.2.2 Cardiac-tissue engineering using CNT-based carbon nanomaterials
Biomaterials with sufficient mechanical strength and good electrical conductivity can be used in cardiac-tissue engineering. Despite their biocompatibility, polymeric materials are generally inert and require further improvement of their mechanical properties, which limit cell-to-cell interactions and signaling (Shin et al., 2013b; Kharaziha et al., 2014; Pok et al., 2014; Wickham et al., 2014; Sun et al., 2015; Liu et al., 2016; Yu et al., 2017; Mombini et al., 2019). Various polymer/CNTs composites with high mechanical and electrical properties of biopolymers have been investigated (Table 2).
TABLE 2 | A list of CNTs with polymers for cardiac tissue engineering.
[image: Table 2]Shin et al. (2013a) prepared CNT–GelMA and cultured it with neonatal rat cardiomyocytes. Compared with controls, cardiomyocytes exhibited a 3-fold increase in spontaneous beating rate, an 85% lower excitation threshold and significantly improved cell adhesion. The experimental results obtained by Yu et al. (2017) showed that CNT–collagen scaffolds increased the rhythmic contractile area of cardiomyocytes (CMs), indicating improved function of CMs.
Wickham et al. (2014) showed that PCL and PCL/T-CNTs membranes did not improve the attachment and proliferation of cardiac stem progenitor cells (CPCs). In the case of electrospun meshes, the incorporation of T-CNTs can be observed to increase mechanical strength and cell proliferation, but no effects on cell differentiation are observed. Similarly, Liu et al. (2016) showed that electrospun poly (lactic-co-glycolic acid)/MWCNTs induce elongation of neonatal rat cardiomyocytes while enhancing the production of sarcomeric α-actin and troponin I in cardiomyocytes. The application of carbon nanotubes helps to overcome the limitation of insufficient remodeling of intercalated discs (IDs) connecting cardiomyocytes. Kharaziha et al. (2014) produced grids that were able to support cardiomyocyte ingrowth. Compared with the grids without MWCNTs, the grids containing MWCNTs exhibited stronger spontaneous and synchronous beating behavior, with a 3.5-fold lower excitation threshold and a 2.8-fold higher maximum trapping rate.
Pok et al. (2014) studies have shown that composite hydrogels can achieve excitation conduction velocities (22 ± 9 cm/s) similar to native myocardial tissue to support the function of cardiomyocytes. Therefore, they can be used as electrical nanobridges for communication between cardiomyocytes. Sun et al. (2015) developed a CNT/collagen patch that enhanced the assembly of intercalated discs in cardiomyocytes. Mombini et al. (2019) produced electrospun cardiac conductive scaffolds composed of chitosan (CS), polyvinyl alcohol (PVA) and carbon nanotubes at different concentrations (1, 3, and 5 wt%). Biological results showed that the electrical stimulation of scaffolds containing 1 wt% CNTs promoted gene expression of cardiac markers.
4.2.3 Bone-tissue engineering using CNT-based carbon nanomaterials
Engineered tissue is used to produce synthetic 3D structural bone scaffolds that provide support for cell differentiation, attachment and proliferation (Gupta et al., 2014; Oyefusi et al., 2014; Duan et al., 2015; Khalid et al., 2015; Gonçalves et al., 2016; Tanaka et al., 2017a; Tanaka et al., 2017b; Jing et al., 2017; Wang et al., 2019; Świętek et al., 2019). Bone generates an electrical current when pressure is applied, so bone is a tissue with piezoelectric properties, whereas piezoelectric materials exhibit the reverse piezoelectric effect (The material compresses when an electrical current is applied) (Table 3); therefore, bone-tissue regeneration can be accelerated by using electroactive scaffolds and applying electrical stimulation.
TABLE 3 | A list of CNTs with polymers for bone tissue engineering.
[image: Table 3]Tanaka et al. (2017a) fabricated CNT-containing 3D bulk structures and investigated their efficiency as scaffolds for bone repair. Mechanical tests showed that the compressive strengths of the fabricated structures and rat femurs were 62.1 and 61.86 MPa, respectively, with no significant differences. In the presence of recombinant human BMP-2, CNT blocks showed higher ALP activity favoring osteogenic behavior. Tanaka et al. (2017b) concluded that carbon nanotubes have better protein uptake and release capacity than hydroxyapatite (HA). CNT porous structures combined with recombinant human BMP-2 showed higher cell proliferation, better osteoconductivity and more osteogenesis. Oyefusi et al. (2014) grafted HA onto carbon nanotubes and graphene nanosheets and then used human fetal osteoblast cell lines to study their effects on cell proliferation and differentiation. The experimental results showed that both CNTs–HA and graphene--HA materials can promote cell growth and differentiation. Khalid et al. (2015) synthesized MWCNT/HA scaffolds containing different loadings of CNTs (1 wt%, 3 wt%, and 5 wt%). The cytotoxicity of the composite scaffolds was dose-dependent with the CNT content. Experiments using a human osteosarcoma cell line showed that cell viability decreased with the increase in CNT content.
Duan et al. (2015) fabricated poly (L-lactic acid) (PLLA)/CNTs scaffolds using a freeze-drying method. In vitro studies have shown that CNTs can promote the cell proliferation and osteogenic differentiation of bone-marrow mesenchymal stem cells (BMSCs). In vivo experiments showed that CNTs significantly promoted the expression of osteogenesis-related proteins and the formation of type I collagen. Jing et al. (2017) reported that MWCNT scaffolds could enhance the proliferation rate of BMSCs and their protein expression of bone sialoprotein (BSP) and osteocalcin (OCN).
Goncalves et al. (2016) synthesized 3D-printed porous CNT scaffolds, which can be used for bone-tissue engineering. Cell proliferation experiments (6 days) were performed with MG63 osteoblast-like cells, and the results showed that the use of scaffolds containing 10 wt% MWCNTs had the most positive effect on cell proliferation.
Recently, Wang et al. (2019) introduced a polymethylmethacrylate (PMMA) bone cement loaded with different MWCNTs (0.1, 0.25, 0.5, and 1 wt%) that could be injection-molded for high-load joint replacement. In vitro studies have shown that this bone cement can promote the adhesion, proliferation and osteogenic differentiation of rat bone-marrow mesenchymal stem cells (rBMSCs). In vivo experiments have shown that PMMA bone cement containing 1 wt% MWCNTs could significantly enhance bone ingrowth, and the ingrowth rate was as high as 42% 12 weeks after surgery. Swietek et al. (2019) reported a solvent-casting method to combine functionalized CNTs (fCNTs) and iron oxide (ION) in two different mass ratios (1:1 and 1:4) to synthesize PCL-based 3D composite scaffolds for in-bone regeneration. The toxicity of composite scaffolds was assessed using the SAOS-2 human cell line. The results showed that fCNTs containing 1 wt% significantly improved cell attachment, and ion concentrations below 1 wt% increased cellular metabolic activity, indicating that the composite scaffold could be used for bone-tissue regeneration.
Gupta et al. (2014) fabricated SWCNT composite microspheres and polylactic-co-glycolic acid (PLAGA) for bone-tissue engineering. Compared with pure PLAGA scaffolds, MC3T3-E1 cells added SWCNT showed no abnormality in adhesion and growth, but the cell proliferation rate and gene expression were enhanced. The composites were further implanted in Sprague Dawley rats for 2, 4, 8, and 12 weeks. The results showed that the SWCNT/PLAGA composite has good in vivo biocompatibility. However, possibly due to the lack of a controlled porous structure, the material did not significantly improve bone-tissue repair.
4.3 Application of graphene in tissue engineering
Inspired by the mechanical, electrical and optical properties of nanographene, many research groups have developed potential applications based on nanographene substrates in tissue engineering. Therefore, it is increasingly important to understand the interaction between the nanographene matrix and cells.
4.3.1 Neuronal-tissue engineering using graphene-based carbon nanomaterials
Charge-conducting polymers and carbon-based materials make biological interfaces conductive (Huang et al., 2013; Sinclair et al., 2013; Tu et al., 2013; Serrano et al., 2014; Song et al., 2014; Walters, 2014; Munoz et al., 2015; Pascual et al., 2015; Zhang et al., 2016). Among these conductive materials, graphene composites with excellent chemical, electrical and thermal properties and extremely low cytotoxicity are ideal materials for tissue engineering and prosthetics. Graphene and its derivatives are often used as neural structures in combination with neurotransmitters, anticoagulants and growth factors (Table 4).
TABLE 4 | A list of graphenes with polymers for neuronal tissue engineering.
[image: Table 4]Serrano et al. (2014) synthesized 3D free-standing porous and flexible GO scaffolds for nerve regeneration. Cell cultures showed that highly interconnected and viable neural networks formed on these scaffolds for 14 days. However, there is a lack of in vivo studies confirming that these scaffolds can guide nerve regeneration. Song et al. (2014) observed that 3D graphene had good biocompatibility and was able to promote the growth of microglia.
After coating the aligned PLLA nanofiber scaffolds with GO in the presence of the nerve growth factor (NGF), their hydrophilicity and surface roughness were significantly improved. This fibrous scaffold promotes the proliferation and differentiation of Schwann cells and rat pheochromocytoma 12 (PC12) cells (Zhang et al., 2016). Tu et al. (2013) constructed intelligent biomimetic GO-based composites. The acetylcholine-like unit (dimethyl aminoethyl methacrylate) and the phosphorylcholine-like unit MPC on the surface of GO can promote the germination and growth of neurites after being covalently linked together.
Neural-tissue engineering has also been developing materials that can induce neuroinflammation (Sinclair et al., 2013). Astrocytes, peripheral macrophages and microglia in the brain mediate neuroinflammatory responses to hypoxia, ischemia and viral and bacterial infections (Huang et al., 2013; Walters, 2014; Munoz et al., 2015; Pascual et al., 2015). Observations suggested that the neuroinflammatory response of 3D graphene to microglia is milder than that of 2D graphene, suggesting that topographical features may influence inflammatory behavior. Furthermore, 3D graphene foam promoted the growth of neural stem cells and PC-12 cells (derived from the neural crest), demonstrating their use in neural repair and neurogenesis.
4.3.2 Cardiac-tissue engineering using CNT-based carbon nanomaterials
In cardiac-tissue engineering, graphene is often used to treat cardiovascular disease and prevent blood clotting in artificial heart valves (Ong et al., 2015; Sergi et al., 2015; Weijmans et al., 2015). Cardiovascular disease affects human health due to its high incidence and prevalence and is intensely studied in regenerative medicine (Shi et al., 2010; Şenel et al., 2014). The scarcity of donors and the high number of complications limit the use of heart transplantation for the treatment of cardiovascular disease (Shin et al., 2013b; Gálvez-Montón et al., 2013). The heart has dynamic functional characteristics and a complex tissue structure. Therefore, in cardiac-tissue engineering, an ideal artificial cardiac scaffold needs to be similar to the heart in structure, electrophysiology and mechanical properties to stimulate angiogenesis and maintain the viability of transplanted cells (Shin et al., 2013a; Radhakrishnan et al., 2014).
GO/gelatin methacrylate (GM) hydrogel is a synthetic cardiac scaffold that can be used to treat cardiovascular disease (Nguyen et al., 2015) GM facilitates the uniform distribution of GO in the hydrogel matrix and is a biocompatible surfactant. GO/GM hydrogels support cell spreading and alignment and enhance viability and proliferation in a 3D environment. Their tunable mechanical stiffness and electrical conductivity enable engineered cardiac patches to treat myocardial infarction (Kim et al., 2013; Kim and Song, 2014; Nguyen et al., 2015). Hydrogels can increase the local retention time of the carriers at the target site and increase their likelihood of being internalized by the tissue (Bae et al., 2012; Qi et al., 2014). Studies have reported that PLL can enhance the biological activity of GO in tissue engineering. GO/PLL composites have strong biocompatibility and high mechanical properties, which can accelerate cell growth and differentiation (Shin et al., 2014).
4.3.3 Bone-tissue engineering using CNT-based carbon nanomaterials
Graphene is a multifunctional carbon-based material that can serve as a framework for multicomponent nanostructured biomimetic scaffolds with bone-like morphology and chemical structure (Deepachitra et al., 2013; Lalwani et al., 2013; Depan et al., 2014; Oyefusi et al., 2014). The application of graphene nanocomposites containing polymers (chitosan, collagen, polypropylene fumarate) in bone-tissue engineering is discussed in detail in the following sections (Table 5).
TABLE 5 | A list of graphenes with polymers for bone tissue engineering.
[image: Table 5]GO is uniformly dispersed in the matrix, generates strong interfacial adhesion through polar and hydrogen bonding interactions and provides sufficient stiffness and strength in the biological state, providing effective support for the formation of bone tissue (Depan et al., 2014). Recently, a research group has synthesized a layered hybrid system composed of chitosan, GO and HPA (Oyefusi et al., 2014). The GO layer provides biocompatibility and mechanical strength; the HPA layer provides higher bioactivity; and chitosan in the middle layer further strengthens the hybrid material. Incubation of pre-osteoblasts (MC3T3-E1) with this hybrid system promotes uniform cell mineralization, proliferation and enhancement of proteins (actin, vinculin and fibronectin). These properties are important for cell adhesion and osteoblast morphogenesis (Oyefusi et al., 2014). Lalwani et al. (2013) synthesized PPF 2D nanocomposites containing GO nanosheets, and MoS2 nanosheets showed the highest mechanical strength and were ideal candidates for BTE. Deepachitra et al. (2103) studies on osteosarcoma bone cell lines (SaOS-2, CPC-2, MG-63, etc.) showed that fibrin is an important marker of osteoblast differentiation. Colorimetric assays (MTT, alkaline phosphatase (ALP) and in vitro calcium release) have shown that fibrin-modified GO has good biocompatibility and enhances osteoconductivity, making it an ideal scaffold for BTE.
5 CONCLUSION AND OUTLOOK
In this review, we summarize recent advances in the preparation and application of carbon nanomaterials for drug delivery and tissue engineering. Such materials have excellent chemical, optical and mechanical properties. Although these nanomaterials are all made of the same carbon element, allotropes are made with different carbons and have different properties. Such materials also behave differently in the body depending on how carbon atoms combine at the nanoscale to form large nanostructures. Using mature surface modification methods, carbon nanomaterials with a good water solubility and biocompatibility can be obtained for use in drug delivery and tissue engineering.
The uniqueness of carbon nanomaterials provides many new approaches and opportunities for future applications. Cutting-edge research based on the intersection of carbon nanotechnology and biomedicine has demonstrated the promise of the use of various carbon nanomaterials for various applications, especially some very unusual properties and capabilities of carbon materials that are not available in other nanomaterials. NIR-II fluorescence imaging based on SWCNTs has changed the characteristics of the low penetration depth and sensitivity of conventional fluorescence imaging, and this technology is a new field of development. In the past few years, we have also witnessed the application of imaging techniques based on SWCNTs for NIR-II fluorescence imaging with a high sensitivity, low toxicity and deeper level of penetration. The high loading capacity of carbon nanomaterials, especially graphene and its derivatives, enables the efficient loading of drug molecules/nanoparticles by π–π stacking. However, based on the clinical application of carbon nanomaterials in the future, we still have some problems to think about and solve:
1 What is the future development direction of drug delivery and tissue engineering based on carbon nanomaterials?
2 What are the major obstacles we need to overcome before carbon nanomaterials can be used in clinical applications?
3 Can carbon nanomaterial-based drug delivery and tissue engineering inspire us to explore new directions in chemistry and biology?
Therefore, in this article, we summarize the latest research progress of different kinds of carbon nanomaterials in the fields of drug delivery and tissue engineering. Although the behavior of such materials in vivo has long been a concern, the advantages of carbon nanomaterials in biomedical applications are prominent. Regarding the three types of carbon nanomaterials discussed in this paper, including CDs, CNTs and graphene, each has unique physical and chemical properties. These properties are attributable to their specific chemical structure and nanometer size. The unique physicochemical properties of carbon nanomaterials make them suitable for the delivery of certain drugs and tissue engineering. Carbon nanomaterials can enable closer interdisciplinary links between nanotechnology, biology and medicine. They pave the way for biologists and clinicians to develop more powerful and useful tools.
AUTHOR CONTRIBUTIONS
SZ: collected and organized all literature, writed the first draft of the article. YT: prepared some of the references, writed the first draft of the article together. JO: gave some valuable discussions. YS: correct grammatical mistakes in the article. XW: summary, further prospects, and submit the paper for publication. JL: reviewed the abstract, introduction, summarized the main point of the full text and critically edited the manuscript.
FUNDING
We acknowledge financial support from the Fundamental Research Funds for the Central Universities (21620310).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Arias, J. L. (2011). Drug targeting strategies in cancer treatment: An overview. Mini. Rev. Med. Chem. 11, 1–17. doi:10.2174/138955711793564024
 Arslantunali, D., Budak, G., and Hasirci, V. (2014). Multiwalled CNT-pHEMA composite conduit for peripheral nerve repair. J. Biomed. Mat. Res. A 102, 828–841. doi:10.1002/jbm.a.34727
 Babbar, A., Jain, V., Gupta, D., Singh, S., Prakash, C., and Pruncu, C. (2020). “Biomaterials and fabrication methods of scaffolds for tissue engineering applications,” in 3D printing in biomedical engineering ed . Editors C. Prakash, R. Singh, and S. Singh (Berlin, Germany: Springer), 167–186. doi:10.1007/978-981-15-5424-7_8
 Bae, Y. M., Park, Y. I., Nam, S. H., Kim, J. H., Lee, K., Kim, H. M., et al. (2012). Endocytosis, intracellular transport, and exocytosis of lanthanide-doped upconverting nanoparticles in single living cells. Biomaterials 33, 9080–9086. doi:10.1016/j.biomaterials.2012.08.039
 Banerjee, D. (2010). Reinventing diagnostics for personalized therapy in oncology. Cancers (Basel) 2, 1066–1091. doi:10.3390/cancers2021066
 Bao, H., Pan, Y., Ping, Y., Sahoo, N. G., Wu, T., Li, L., et al. (2011). Chitosan-functionalized graphene oxide as a nanocarrier for drug and gene delivery. Small 7, 1569–1578. doi:10.1002/smll.201100191
 Bhunia, S. K., Saha, A., Maity, A. R., Ray, S. C., and Jana, N. R. (2013). Carbon nanoparticle-based fluorescent bioimaging probes. Sci. Rep. 3, 1473. doi:10.1038/srep01473
 Chen, R. J., Zhang, Y., Wang, D., and Dai, H. (2001). Noncovalent sidewall functionalization of single-walled carbon nanotubes for protein immobilization. J. Am. Chem. Soc. 123, 3838–3839. doi:10.1021/ja010172b
 Chen, W., Huang, Q., Ou, W., Hao, Y., Wang, L., Zeng, K., et al. (2014). Self-reporting liposomes for intracellular drug release. Small 10, 1261–1265. doi:10.1002/smll.201302698
 Chen, W., Ouyang, J., Liu, H., Chen, M., Zeng, K., Sheng, J., et al. (2017a). Black phosphorus Nanosheet-Based drug delivery system for synergistic Photodynamic/Photothermal/Chemotherapy of cancer. Adv. Mat. 29, 1603864. doi:10.1002/adma.201603864
 Chen, W., Zeng, K., Liu, H., Ouyang, J., Wang, L., Liu, Y., et al. (2017b). Cell membrane camouflaged hollow prussian blue nanoparticles for synergistic photothermal-/chemotherapy of cancer. Adv. Funct. Mat. 27, 1605795. doi:10.1002/adfm.201605795
 Cherukuri, P., Gannon, C. J., Leeuw, T. K., Schmidt, H. K., Smalley, R. E., Curley, S. A., et al. (2006). Mammalian pharmacokinetics of carbon nanotubes using intrinsic near-infrared fluorescence. Proc. Natl. Acad. Sci. U. S. A. 103, 18882–18886. doi:10.1073/pnas.0609265103
 Dahri, M., Akbarialiabad, H., Jahromi, A. M., and Maleki, R. (2021). Loading and release of cancer chemotherapy drugs utilizing simultaneous temperature and pH-responsive nanohybrid. BMC Pharmacol. Toxicol. 22, 41. doi:10.1186/s40360-021-00508-8
 Das, D., Ghosh, P., Ghosh, A., Haldar, C., Dhara, S., Panda, A. B., et al. (2015). Stimulus-Responsive, biodegradable, biocompatible, covalently Cross-Linked hydrogel based on dextrin and Poly(N-isopropylacrylamide) for in vitro/in vivo controlled drug release. ACS Appl. Mat. Interfaces 7, 14338–14351. doi:10.1021/acsami.5b02975
 Deepachitra, R., Chamundeeswari, M., Krithiga, G., Prabu, P., Devi, M. P., and Sastry, T. P. (2013). Osteo mineralization of fibrin-decorated graphene oxide. Carbon 56, 64–76. doi:10.1016/j.carbon.2012.12.070
 Depan, D., Shah, J., and Misra, R. (2011). Controlled release of drug from folate-decorated and graphene mediated drug delivery system: Synthesis, loading efficiency, and drug release response. Mater. Sci. Eng. C 31, 1305–1312. doi:10.1016/j.msec.2011.04.010
 Depan, D., Pesacreta, T. C., and Misra, R. (2014). The synergistic effect of a hybrid graphene oxide-chitosan system and biomimetic mineralization on osteoblast functions. Biomater. Sci. 2, 264–274. doi:10.1039/c3bm60192g
 Dhar, S., Liu, Z., Thomale, J., Dai, H., and Lippard, S. J. (2008). Targeted single-wall carbon nanotube-mediated Pt (IV) prodrug delivery using folate as a homing device. J. Am. Chem. Soc. 130, 11467–11476. doi:10.1021/ja803036e
 Dong, H., Ding, L., Yan, F., Ji, H., and Ju, H. (2011). The use of polyethylenimine-grafted graphene nanoribbon for cellular delivery of locked nucleic acid modified molecular beacon for recognition of microRNA. Biomaterials 32, 3875–3882. doi:10.1016/j.biomaterials.2011.02.001
 Duan, S., Yang, X., Mei, F., Tang, Y., Li, X., Shi, Y., et al. (2015). Enhanced osteogenic differentiation of mesenchymal stem cells on poly(L-lactide) nanofibrous scaffolds containing carbon nanomaterials. J. Biomed. Mat. Res. A 103, 1424–1435. doi:10.1002/jbm.a.35283
 Feng, L., and Liu, Z. (2011). Graphene in biomedicine: Opportunities and challenges. Nanomedicine 6, 317–324. doi:10.2217/nnm.10.158
 Feng, L., Zhang, S., and Liu, Z. (2011). Graphene based gene transfection. Nanoscale 3, 1252–1257. doi:10.1039/c0nr00680g
 Freed, L. E., Vunjak-Novakovic, G., Biron, R. J., Eagles, D. B., Lesnoy, D. C., Barlow, S. K., et al. (1994). Biodegradable polymer scaffolds for tissue engineering. Nat. Biotechnol. 12, 689–693. doi:10.1038/nbt0794-689
 Gálvez-Montón, C., Prat-Vidal, C., Roura, S., Soler-Botija, C., and Bayes-Genis, A. (2013). Update: Innovation in cardiology (IV). Cardiac tissue engineering and the bioartificial heart. Rev. Esp. Cardiol. Engl. Ed. 66, 391–399. doi:10.1016/j.rec.2012.11.012
 Ghorghi, M., Rafienia, M., Nasirian, V., Bitaraf, F. S., Gharravi, A. M., and Zarrabi, A. (2020). Electrospun captopril-loaded PCL-carbon quantum dots nanocomposite scaffold: Fabrication, characterization, and in vitro studies. Polym. Adv. Technol. 31, 3302–3315. doi:10.1002/pat.5054
 Gogoi, S., Maji, S., Mishra, D., Devi, K. S., Maiti, T. K., and Karak, N. (2017). Nano-Bio engineered carbon Dot-Peptide functionalized water dispersible hyperbranched polyurethane for bone tissue regeneration. Macromol. Biosci. 17, 1600271. doi:10.1002/mabi.201600271
 Gollavelli, G., and Ling, Y. C. (2012). Multi-functional graphene as an in vitro and in vivo imaging probe. Biomaterials 33, 2532–2545. doi:10.1016/j.biomaterials.2011.12.010
 Gonçalves, E. M., Oliveira, F. J., Silva, R. F., Neto, M. A., Fernandes, M. H., Amaral, M., et al. (2016). Three-dimensional printed PCL-hydroxyapatite scaffolds filled with CNTs for bone cell growth stimulation. J. Biomed. Mat. Res. 104, 1210–1219. doi:10.1002/jbm.b.33432
 Gupta, A., Main, B. J., Taylor, B. L., Gupta, M., Whitworth, C. A., Cady, C., et al. (2014). In vitro evaluation of three-dimensional single-walled carbon nanotube composites for bone tissue engineering. J. Biomed. Mat. Res. A 102, 4118–4126. doi:10.1002/jbm.a.35088
 Gupta, C., Prakash, D., and Gupta, S. (2017). Cancer treatment with nano-diamonds. Front. Biosci. 9, 62–70. doi:10.2741/s473
 Hu, W., Peng, C., Lv, M., Li, X., Zhang, Y., Chen, N., et al. (2011). Protein corona-mediated mitigation of cytotoxicity of graphene oxide. ACS Nano 5, 3693–3700. doi:10.1021/nn200021j
 Hu, H., Yu, J., Li, Y., Zhao, J., and Dong, H. (2012). Engineering of a novel pluronic F127/graphene nanohybrid for pH responsive drug delivery. J. Biomed. Mat. Res. A 100, 141–148. doi:10.1002/jbm.a.33252
 Hua, X. W., Bao, Y. W., Chen, Z., and Wu, F. G. (2017). Carbon quantum dots with intrinsic mitochondrial targeting ability for mitochondria-based theranostics. Nanoscale 9, 10948–10960. doi:10.1039/c7nr03658b
 Hua, X. W., Bao, Y. W., and Wu, F. G. (2018). Fluorescent carbon quantum dots with intrinsic nucleolus-targeting capability for nucleolus imaging and enhanced cytosolic and nuclear drug delivery. ACS Appl. Mat. Interfaces 10, 10664–10677. doi:10.1021/acsami.7b19549
 Huang, J. Y., Lu, Y. M., Wang, H., Liu, J., Liao, M. H., Hong, L. J., et al. (2013). The effect of lipid nanoparticle PEGylation on neuroinflammatory response in mouse brain. Biomaterials 34, 7960–7970. doi:10.1016/j.biomaterials.2013.07.009
 Hubbell, J. A., and Chilkoti, A. (2012). Nanomaterials for drug delivery. Science 337, 303–305. doi:10.1126/science.1219657
 Hummers, W. S., and Offeman, R. E. (1958). Preparation of graphitic oxide. J. Am. Chem. Soc. 80, 1339. doi:10.1021/ja01539a017
 Jiang, Y. W., Gao, G., Zhang, X., Jia, H. R., and Wu, F. G. (2017). Antimicrobial carbon nanospheres. Nanoscale 9, 15786–15795. doi:10.1039/c7nr04679k
 Jin, S., Wan, J., Meng, L., Huang, X., Guo, J., Liu, L., et al. (2015). Biodegradation and toxicity of Protease/Redox/pH Stimuli-Responsive PEGlated PMAA nanohydrogels for targeting drug delivery. ACS Appl. Mat. Interfaces 7, 19843–19852. doi:10.1021/acsami.5b05984
 Jing, Z., Wu, Y., Su, W., Tian, M., Jiang, W., Cao, L., et al. (2017). Carbon nanotube reinforced Collagen/Hydroxyapatite scaffolds improve bone tissue formation in vitro and in vivo. Ann. Biomed. Eng. 45, 2075–2087. doi:10.1007/s10439-017-1866-9
 Kam, N. W., O'Connell, M., Wisdom, J. A., and Dai, H. (2005). Carbon nanotubes as multifunctional biological transporters and near-infrared agents for selective cancer cell destruction. Proc. Natl. Acad. Sci. U. S. A. 102, 11600–11605. doi:10.1073/pnas.0502680102
 Khademhosseini, A., Vacanti, J. P., and Langer, R. (2009). Progress in tissue engineering. Sci. Am. 300, 64–71. doi:10.1038/scientificamerican0509-64
 Khalid, P., Hussain, M. A., Rekha, P. D., and Arun, A. B. (2015). Carbon nanotube-reinforced hydroxyapatite composite and their interaction with human osteoblast in vitro. Hum. Exp. Toxicol. 34, 548–556. doi:10.1177/0960327114550883
 Kharaziha, M., Shin, S. R., Nikkhah, M., Topkaya, S. N., Masoumi, N., Annabi, N., et al. (2014). Tough and flexible CNT-polymeric hybrid scaffolds for engineering cardiac constructs. Biomaterials 35, 7346–7354. doi:10.1016/j.biomaterials.2014.05.014
 Kim, Y. M., Park, M. R., and Song, S. C. (2013). An injectable cell penetrable nano-polyplex hydrogel for localized siRNA delivery. Biomaterials 34, 4493–4500. doi:10.1016/j.biomaterials.2013.02.050
 Kim, Y. M., and Song, S. C. (2014). Targetable micelleplex hydrogel for long-term, effective, and systemic siRNA delivery. Biomaterials 35, 7970–7977. doi:10.1016/j.biomaterials.2014.05.070
 Koppes, A. N., Keating, K. W., McGregor, A. L., Koppes, R. A., Kearns, K. R., Ziemba, A. M., et al. (2016). Robust neurite extension following exogenous electrical stimulation within single walled carbon nanotube-composite hydrogels. Acta Biomater. 39, 34–43. doi:10.1016/j.actbio.2016.05.014
 Lalwani, G., Henslee, A. M., Farshid, B., Lin, L., Kasper, F. K., and Qin, Y. X. (2013). Two-dimensional nanostructure-reinforced biodegradable polymeric nanocomposites for bone tissue engineering. Biomacromolecules 14, 900–909. doi:10.1021/bm301995s
 Langer, R., and Vacanti, J. (2016). Advances in tissue engineering. J. Pediatr. Surg. 51, 8–12. doi:10.1016/j.jpedsurg.2015.10.022
 Lee, S. J., Min, H. S., Ku, S. H., Son, S., Kwon, I. C., Kim, S. H., et al. (2014). Tumor-targeting glycol chitosan nanoparticles as a platform delivery carrier in cancer diagnosis and therapy. Nanomedicine 9, 1697–1713. doi:10.2217/nnm.14.99
 Lee, S. J., Zhu, W., Nowicki, M., Lee, G., Heo, D. N., Kim, J., et al. (2018). 3D printing nano conductive multi-walled carbon nanotube scaffolds for nerve regeneration. J. Neural Eng. 15, 016018. doi:10.1088/1741-2552/aa95a5
 Linares, N., Silvestre-Albero, A. M., Serrano, E., Silvestre-Albero, J., and García-Martínez, J. (2014). Mesoporous materials for clean energy technologies. Chem. Soc. Rev. 43, 7681–7717. doi:10.1039/c3cs60435g
 Liu, K., Zhang, J., Cheng, F., Zheng, T., Wang, C., and Zhu, J. (2011). Green and facile synthesis of highly biocompatible graphene nanosheets and its application for cellular imaging and drug delivery. J. Mat. Chem. 21, 12034–12040. doi:10.1039/c1jm10749f
 Liu, Q., Guo, B., Rao, Z., Zhang, B., and Gong, J. R. (2013). Strong two-photon-induced fluorescence from photostable, biocompatible nitrogen-doped graphene quantum dots for cellular and deep-tissue imaging. Nano Lett. 13, 2436–2441. doi:10.1021/nl400368v
 Liu, Y., Liang, X., Wang, S., and Hu, K. (2016). Electrospun poly (lactic-co-glycolic acid)/multiwalled carbon nanotube nanofibers for cardiac tissue engineering. J. Biomater. tissue Eng. 6, 719–728. doi:10.1166/jbt.2016.1496
 Liu, Z., Cai, W., He, L., Nakayama, N., Chen, K., Sun, X., et al. (2007a). In vivo biodistribution and highly efficient tumour targeting of carbon nanotubes in mice. Nat. Nanotechnol. 2, 47–52. doi:10.1038/nnano.2006.170
 Liu, Z., Sun, X., Nakayama-Ratchford, N., and Dai, H. (2007b). Supramolecular chemistry on water-soluble carbon nanotubes for drug loading and delivery. ACS Nano 1, 50–56. doi:10.1021/nn700040t
 Liu, Z., Chen, K., Davis, C., Sherlock, S., Cao, Q., Chen, X., et al. (2008). Drug delivery with carbon nanotubes for in vivo cancer treatment. Cancer Res. 68, 6652–6660. doi:10.1158/0008-5472.CAN-08-1468
 Liu, Z., Fan, A. C., Rakhra, K., Sherlock, S., Goodwin, A., Chen, X., et al. (2009). Supramolecular stacking of doxorubicin on carbon nanotubes for in vivo cancer therapy. Angew. Chem. Int. Ed. 48, 7668–7672. doi:10.1002/anie.200902612
 Loh, K. P., Bao, Q., Ang, P. K., and Yang, J. (2010). The chemistry of graphene. J. Mat. Chem. 20, 2277–2289. doi:10.1039/B920539J
 Lu, A. H., and Schüth, F. (2006). Nanocasting: A versatile strategy for creating nanostructured porous materials. Adv. Mat. 18, 1793–1805. doi:10.1002/adma.200600148
 Luo, D., Carter, K. A., Razi, A., Geng, J., Shao, S., Giraldo, D., et al. (2016). Doxorubicin encapsulated in stealth liposomes conferred with light-triggered drug release. Biomaterials 75, 193–202. doi:10.1016/j.biomaterials.2015.10.027
 Ma, X., Tao, H., Yang, K., Feng, L., Cheng, L., Shi, X., et al. (2012). A functionalized graphene oxide-iron oxide nanocomposite for magnetically targeted drug delivery, photothermal therapy, and magnetic resonance imaging. Nano Res. 5, 199–212. doi:10.1007/s12274-012-0200-y
 Mohanty, C., Das, M., Kanwar, J. R., and Sahoo, S. K. (2011). Receptor mediated tumor targeting: An emerging approach for cancer therapy. Curr. Drug Deliv. 8, 45–58. doi:10.2174/156720111793663606
 Mombini, S., Mohammadnejad, J., Bakhshandeh, B., Narmani, A., Nourmohammadi, J., Vahdat, S., et al. (2019). Chitosan-PVA-CNT nanofibers as electrically conductive scaffolds for cardiovascular tissue engineering. Int. J. Biol. Macromol. 140, 278–287. doi:10.1016/j.ijbiomac.2019.08.046
 Moon, H. K., Chang, C. I., Lee, D., and Choi, H. C. (2008). Effect of nucleases on the cellular internalization of fluorescent labeled DNA-functionalized single-walled carbon nanotubes. Nano Res. 1, 351–360. doi:10.1007/s12274-008-8038-z
 Munoz, L., Kavanagh, M. E., Phoa, A. F., Heng, B., Dzamko, N., Chen, E. J., et al. (2015). Optimisation of LRRK2 inhibitors and assessment of functional efficacy in cell-based models of neuroinflammation. Eur. J. Med. Chem. 95, 29–34. doi:10.1016/j.ejmech.2015.03.003
 Nakayama-Ratchford, N., Bangsaruntip, S., Sun, X., Welsher, K., and Dai, H. (2007). Noncovalent functionalization of carbon nanotubes by fluorescein-polyethylene glycol: Supramolecular conjugates with pH-dependent absorbance and fluorescence. J. Am. Chem. Soc. 129, 2448–2449. doi:10.1021/ja068684j
 Nguyen, A. H., McKinney, J., Miller, T., Bongiorno, T., and McDevitt, T. C. (2015). Gelatin methacrylate microspheres for controlled growth factor release. Acta Biomater. 13, 101–110. doi:10.1016/j.actbio.2014.11.028
 NguyenQ. V., , Park, J. H., and Lee, D. S. (2015). Injectable polymeric hydrogels for the delivery of therapeutic agents: A review. Eur. Polym. J. 72, 602–619. doi:10.1016/j.eurpolymj.2015.03.016
 Nidhin, M., Vedhanayagam, M., Sangeetha, S., Kiran, M. S., Nazeer, S. S., Jayasree, R. S., et al. (2014). Fluorescent nanonetworks: A novel bioalley for collagen scaffolds and tissue engineering. Sci. Rep. 4, 5968. doi:10.1038/srep05968
 Nurunnabi, M., Khatun, Z., Huh, K. M., Park, S. Y., Lee, D. Y., Cho, K. J., et al. (2013). In vivo biodistribution and toxicology of carboxylated graphene quantum dots. ACS Nano 7, 6858–6867. doi:10.1021/nn402043c
 Ong, K. L., Ding, J., McClelland, R. L., Cheung, B. M., Criqui, M. H., Barter, P. J., et al. (2015). Relationship of pericardial fat with biomarkers of inflammation and hemostasis, and cardiovascular disease: The Multi-Ethnic Study of Atherosclerosis. Atherosclerosis 239, 386–392. doi:10.1016/j.atherosclerosis.2015.01.033
 Ouyang, J., Deng, Y., Chen, W., Xu, Q., Wang, L., Liu, Z., et al. (2018a). Marriage of artificial catalase and black phosphorus nanosheets for reinforced photodynamic antitumor therapy. J. Mat. Chem. B 6, 2057–2064. doi:10.1039/c8tb00371h
 Ouyang, J., Wang, L., Chen, W., Zeng, K., Han, Y., Xu, Y., et al. (2018b). Biomimetic nanothylakoids for efficient imaging-guided photodynamic therapy for cancer. Chem. Commun. 54, 3468–3471. doi:10.1039/C8CC00674A
 Ouyang, J., Zhang, L., Li, L., Chen, W., Tang, Z., Ji, X., et al. (2021). Cryogenic exfoliation of 2D stanene nanosheets for cancer theranostics. Nanomicro. Lett. 13, 90. doi:10.1007/s40820-021-00619-1
 Ouyang, J., Xie, A., Zhou, J., Liu, R., Wang, L., Liu, H., et al. (2022). Minimally invasive nanomedicine: Nanotechnology in photo-/ultrasound-/radiation-/magnetism-mediated therapy and imaging. Chem. Soc. Rev. 51, 4996–5041. doi:10.1039/d1cs01148k
 Oyefusi, A., Olanipekun, O., Neelgund, G. M., Peterson, D., Stone, J. M., Williams, E., et al. (2014). Hydroxyapatite grafted carbon nanotubes and graphene nanosheets: Promising bone implant materials. Spectrochimica Acta Part A Mol. Biomol. Spectrosc. 132, 410–416. doi:10.1016/j.saa.2014.04.004
 Pan, Y., Bao, H., Sahoo, N. G., Wu, T., and Li, L. (2011). Water-soluble poly (N-isopropylacrylamide)–graphene sheets synthesized via click chemistry for drug delivery. Adv. Funct. Mat. 21, 2754–2763. doi:10.1002/adfm.201100078
 Park, S., Mohanty, N., Suk, J. W., Nagaraja, A., An, J., Piner, R. D., et al. (2010). Biocompatible, robust free-standing paper composed of a TWEEN/graphene composite. Adv. Mat. 22, 1736–1740. doi:10.1002/adma.200903611
 Park, S., and Ruoff, R. S. (2009). Chemical methods for the production of graphenes. Nat. Nanotechnol. 4, 217–224. doi:10.1038/nnano.2009.58
 Pascual, M., Baliño, P., Aragón, C. M., and Guerri, C. (2015). Cytokines and chemokines as biomarkers of ethanol-induced neuroinflammation and anxiety-related behavior: Role of TLR4 and TLR2. Neuropharmacology 89, 352–359. doi:10.1016/j.neuropharm.2014.10.014
 Pok, S., Vitale, F., Eichmann, S. L., Benavides, O. M., Pasquali, M., and Jacot, J. G. (2014). Biocompatible carbon nanotube-chitosan scaffold matching the electrical conductivity of the heart. ACS Nano 8, 9822–9832. doi:10.1021/nn503693h
 Ponomarenko, L. A., Schedin, F., Katsnelson, M. I., Yang, R., Hill, E. W., Novoselov, K. S., et al. (2008). Chaotic Dirac billiard in graphene quantum dots. Science 320, 356–358. doi:10.1126/science.1154663
 Qi, W., Yuan, W., Yan, J., and Wang, H. (2014). Growth and accelerated differentiation of mesenchymal stem cells on graphene oxide/poly-l-lysine composite films. J. Mat. Chem. B 2, 5461–5467. doi:10.1039/c4tb00856a
 Quintana, M., Spyrou, K., Grzelczak, M., Browne, W. R., Rudolf, P., and Prato, M. (2010). Functionalization of graphene via 1, 3-dipolar cycloaddition. ACS Nano 4, 3527–3533. doi:10.1021/nn100883p
 Radhakrishnan, J., Krishnan, U. M., and Sethuraman, S. (2014). Hydrogel based injectable scaffolds for cardiac tissue regeneration. Biotechnol. Adv. 32, 449–461. doi:10.1016/j.biotechadv.2013.12.010
 Raja, I. S., and Fathima, N. N. (2018). Gelatin-Cerium oxide nanocomposite for enhanced excisional wound healing. ACS Appl. Bio Mat. 1, 487–495. doi:10.1021/acsabm.8b00208
 Robinson, J. T., Tabakman, S. M., Liang, Y., Wang, H., Casalongue, H. S., Vinh, D., et al. (2011). Ultrasmall reduced graphene oxide with high near-infrared absorbance for photothermal therapy. J. Am. Chem. Soc. 133, 6825–6831. doi:10.1021/ja2010175
 Rondeau-Gagné, S., and Morin, J. F. (2014). Preparation of carbon nanomaterials from molecular precursors. Chem. Soc. Rev. 43 (1), 85–98. doi:10.1039/c3cs60210a
 Şenel, A. H., Perets, A., Ayaz, H., Gilroy, K. D., Govindaraj, M., Brookstein, D., et al. (2014). Textile-templated electrospun anisotropic scaffolds for regenerative cardiac tissue engineering. Biomaterials 35, 8540–8552. doi:10.1016/j.biomaterials.2014.06.029
 Sergi, G., Veronese, N., Fontana, L., De Rui, M., Bolzetta, F., Zambon, S., et al. (2015). Pre-frailty and risk of cardiovascular disease in elderly men and women: The Pro.V.a. Study. J. Am. Coll. Cardiol. 65, 976–983. doi:10.1016/j.jacc.2014.12.040
 Serrano, M. C., Patiño, J., García-Rama, C., Ferrer, M. L., Fierro, J., Tamayo, A., et al. (2014). 3D free-standing porous scaffolds made of graphene oxide as substrates for neural cell growth. J. Mat. Chem. B 2, 5698–5706. doi:10.1039/c4tb00652f
 Shafiei, S., Omidi, M., Nasehi, F., Golzar, H., Mohammadrezaei, D., Rezai, R. M., et al. (2019). Egg shell-derived calcium phosphate/carbon dot nanofibrous scaffolds for bone tissue engineering: Fabrication and characterization. Mater. Sci. Eng. C 100, 564–575. doi:10.1016/j.msec.2019.03.003
 Shan, C., Yang, H., Han, D., Zhang, Q., Ivaska, A., and Niu, L. (2009). Water-soluble graphene covalently functionalized by biocompatible poly-L-lysine. Langmuir 25, 12030–12033. doi:10.1021/la903265p
 Shao, H., Li, T., Zhu, R., Xu, X., Yu, J., Chen, S., et al. (2018). Carbon nanotube multilayered nanocomposites as multifunctional substrates for actuating neuronal differentiation and functions of neural stem cells. Biomaterials 175, 93–109. doi:10.1016/j.biomaterials.2018.05.028
 Shi, J., Votruba, A. R., Farokhzad, O. C., and Langer, R. (2010). Nanotechnology in drug delivery and tissue engineering: From discovery to applications. Nano Lett. 10, 3223–3230. doi:10.1021/nl102184c
 Shin, S. R., Aghaei-Ghareh-Bolagh, B., Dang, T. T., Topkaya, S. N., Gao, X., Yang, S. Y., et al. (2013a). Cell-laden microengineered and mechanically tunable hybrid hydrogels of gelatin and graphene oxide. Adv. Mat. 25, 6385–6391. doi:10.1002/adma.201301082
 Shin, S. R., Jung, S. M., Zalabany, M., Kim, K., Zorlutuna, P., Kim, S. B., et al. (2013b). Carbon-nanotube-embedded hydrogel sheets for engineering cardiac constructs and bioactuators. ACS Nano 7, 2369–2380. doi:10.1021/nn305559j
 Shin, S. R., Aghaei-Ghareh-Bolagh, B., Gao, X., Nikkhah, M., Jung, S. M., Dolatshahi-Pirouz, A., et al. (2014). Layer-by-layer assembly of 3D tissue constructs with functionalized graphene. Adv. Funct. Mat. 24, 6136–6144. doi:10.1002/adfm.201401300
 Shrestha, S., Shrestha, B. K., Kim, J. I., Ko, S. W., Park, C. H., and Kim, C. S. (2018). Electrodeless coating polypyrrole on chitosan grafted polyurethane with functionalized multiwall carbon nanotubes electrospun scaffold for nerve tissue engineering. Carbon 136, 430–443. doi:10.1016/j.carbon.2018.04.064
 Sinclair, S. M., Bhattacharyya, J., McDaniel, J. R., Gooden, D. M., Gopalaswamy, R., Chilkoti, A., et al. (2013). A genetically engineered thermally responsive sustained release curcumin depot to treat neuroinflammation. J. Control. Release 171, 38–47. doi:10.1016/j.jconrel.2013.06.032
 Song, Q., Jiang, Z., Li, N., Liu, P., Liu, L., Tang, M., et al. (2014). Anti-inflammatory effects of three-dimensional graphene foams cultured with microglial cells. Biomaterials 35, 6930–6940. doi:10.1016/j.biomaterials.2014.05.002
 Sun, X., Liu, Z., Welsher, K., Robinson, J. T., Goodwin, A., Zaric, S., et al. (2008). Nano-Graphene oxide for cellular imaging and drug delivery. Nano Res. 1, 203–212. doi:10.1007/s12274-008-8021-8
 Sun, H., Lü, S., Jiang, X. X., Li, X., Li, H., Lin, Q., et al. (2015). Carbon nanotubes enhance intercalated disc assembly in cardiac myocytes via the β1-integrin-mediated signaling pathway. Biomaterials 55, 84–95. doi:10.1016/j.biomaterials.2015.03.030
 Sun, W., Zhang, X., Jia, H. R., Zhu, Y. X., Guo, Y., Gao, G., et al. (2019). Water-dispersible candle soot-derived carbon nano-onion clusters for imaging-guided photothermal cancer therapy. Small 15, e1804575. doi:10.1002/smll.201804575
 Świętek, M., Brož, A., Tarasiuk, J., Wroński, S., Tokarz, W., Kozieł, A., et al. (2019). Carbon nanotube/iron oxide hybrid particles and their PCL-based 3D composites for potential bone regeneration. Mater. Sci. Eng. C 104, 109913. doi:10.1016/j.msec.2019.109913
 Tagmatarchis, N., and Prato, M. (2004). Functionalization of carbon nanotubes via 1, 3-dipolar cycloadditions. J. Mat. Chem. 14, 437–439. doi:10.1039/b314039c
 Tamayol, A., Akbari, M., Annabi, N., Paul, A., Khademhosseini, A., and Juncker, D. (2013). Fiber-based tissue engineering: Progress, challenges, and opportunities. Biotechnol. Adv. 31, 669–687. doi:10.1016/j.biotechadv.2012.11.007
 Tanaka, M., Sato, Y., Haniu, H., Nomura, H., Kobayashi, S., Takanashi, S., et al. (2017a). A three-dimensional block structure consisting exclusively of carbon nanotubes serving as bone regeneration scaffold and as bone defect filler. PLoS ONE 12, e0172601. doi:10.1371/journal.pone.0172601
 Tanaka, M., Sato, Y., Zhang, M., Haniu, H., Okamoto, M., Aoki, K., et al. (2017b). Vitro and in vivo evaluation of a Three-Dimensional porous Multi-Walled carbon nanotube scaffold for bone regeneration. Nanomater. Basel) 7, 46. doi:10.3390/nano7020046
 Tang, J., Kong, B., Wu, H., Xu, M., Wang, Y., Wang, Y., et al. (2013). Carbon nanodots featuring efficient FRET for real-time monitoring of drug delivery and two-photon imaging. Adv. Mat. 25, 6569–6574. doi:10.1002/adma.201303124
 Titirici, M. M., White, R. J., Brun, N., Budarin, V. L., Su, D. S., Del, M. F., et al. (2015). Sustainable carbon materials. Chem. Soc. Rev. 44, 250–290. doi:10.1039/c4cs00232f
 Tu, Q., Pang, L., Wang, L., Zhang, Y., Zhang, R., and Wang, J. (2013). Biomimetic choline-like graphene oxide composites for neurite sprouting and outgrowth. ACS Appl. Mat. Interfaces 5, 13188–13197. doi:10.1021/am4042004
 Walters, E. T. (2014). Neuroinflammatory contributions to pain after SCI: Roles for central glial mechanisms and nociceptor-mediated host defense. Exp. Neurol. 258, 48–61. doi:10.1016/j.expneurol.2014.02.001
 Wang, J., Tian, L., Chen, N., Ramakrishna, S., and Mo, X. (2018). The cellular response of nerve cells on poly-l-lysine coated PLGA-MWCNTs aligned nanofibers under electrical stimulation. Mater. Sci. Eng. C 91, 715–726. doi:10.1016/j.msec.2018.06.025
 Wang, C., Yu, B., Fan, Y., Ormsby, R. W., McCarthy, H. O., Dunne, N., et al. (2019). Incorporation of multi-walled carbon nanotubes to PMMA bone cement improves cytocompatibility and osseointegration. Mater. Sci. Eng. C 103, 109823. doi:10.1016/j.msec.2019.109823
 Wang, Z. X., Wang, Z., and Wu, F. G. (2022). Carbon dots as drug delivery vehicles for antimicrobial applications: A minireview. ChemMedChem 17, e202200003. doi:10.1002/cmdc.202200003
 Webber, M. J., Khan, O. F., Sydlik, S. A., Tang, B. C., and Langer, R. (2015). A perspective on the clinical translation of scaffolds for tissue engineering. Ann. Biomed. Eng. 43, 641–656. doi:10.1007/s10439-014-1104-7
 Weijmans, M., van der Graaf, Y., Reitsma, J. B., and Visseren, F. L. (2015). Paternal or maternal history of cardiovascular disease and the risk of cardiovascular disease in offspring. A systematic review and meta-analysis. Int. J. Cardiol. 179, 409–416. doi:10.1016/j.ijcard.2014.11.017
 Wen, H., Dong, C., Dong, H., Shen, A., Xia, W., Cai, X., et al. (2012). Engineered redox-responsive PEG detachment mechanism in PEGylated nano-graphene oxide for intracellular drug delivery. Small 8, 760–769. doi:10.1002/smll.201101613
 Wickham, A. M., Islam, M. M., Mondal, D., Phopase, J., Sadhu, V., Tamás, É., et al. (2014). Polycaprolactone-thiophene-conjugated carbon nanotube meshes as scaffolds for cardiac progenitor cells. J. Biomed. Mat. Res. 102, 1553–1561. doi:10.1002/jbm.b.33136
 Wu, P., Chen, X., Hu, N., Tam, U. C., Blixt, O., Zettl, A., et al. (2008). Biocompatible carbon nanotubes generated by functionalization with glycodendrimers. Angew. Chem. Int. Ed. 47, 5022–5025. doi:10.1002/anie.200705363
 Wu, W., Li, R., Bian, X., Zhu, Z., Ding, D., Li, X., et al. (2009). Covalently combining carbon nanotubes with anticancer agent: Preparation and antitumor activity. ACS Nano 3, 2740–2750. doi:10.1021/nn9005686
 Wu, S., Duan, B., Lu, A., Wang, Y., Ye, Q., and Zhang, L. (2017). Biocompatible chitin/carbon nanotubes composite hydrogels as neuronal growth substrates. Carbohydr. Polym. 174, 830–840. doi:10.1016/j.carbpol.2017.06.101
 Xia, Y., Li, S., Nie, C., Zhang, J., Zhou, S., Yang, H., et al. (2019). A multivalent polyanion-dispersed carbon nanotube toward highly bioactive nanostructured fibrous stem cell scaffolds. Appl. Mat. Today 16, 518–528. doi:10.1016/j.apmt.2019.07.006
 Yan, C., Ren, Y., Sun, X., Jin, L., Liu, X., Chen, H., et al. (2020). Photoluminescent functionalized carbon quantum dots loaded electroactive Silk fibroin/PLA nanofibrous bioactive scaffolds for cardiac tissue engineering. J. Photochem. Photobiol. B Biol. 202, 111680. doi:10.1016/j.jphotobiol.2019.111680
 Yang, X., Zhang, X., Ma, Y., Huang, Y., Wang, Y., and Chen, Y. (2009). Superparamagnetic graphene oxide–Fe 3 O 4 nanoparticles hybrid for controlled targeted drug carriers. J. Mat. Chem. 19, 2710–2714. doi:10.1039/b821416f
 Yang, K., Zhang, S., Zhang, G., Sun, X., Lee, S. T., and Liu, Z. (2010). Graphene in mice: Ultrahigh in vivo tumor uptake and efficient photothermal therapy. Nano Lett. 10, 3318–3323. doi:10.1021/nl100996u
 Yang, K., Wan, J., Zhang, S., Zhang, Y., Lee, S. T., and Liu, Z. (2011a). In vivo pharmacokinetics, long-term biodistribution, and toxicology of PEGylated graphene in mice. ACS Nano 5, 516–522. doi:10.1021/nn1024303
 Yang, X., Wang, Y., Huang, X., Ma, Y., Huang, Y., Yang, R., et al. (2011b). Multi-functionalized graphene oxide based anticancer drug-carrier with dual-targeting function and pH-sensitivity. J. Mat. Chem. 21, 3448–3454. doi:10.1039/c0jm02494e
 Yang, K., Hu, L., Ma, X., Ye, S., Cheng, L., Shi, X., et al. (2012a). Multimodal imaging guided photothermal therapy using functionalized graphene nanosheets anchored with magnetic nanoparticles. Adv. Mat. 24, 1868–1872. doi:10.1002/adma.201104964
 Yang, K., Wan, J., Zhang, S., Tian, B., Zhang, Y., and Liu, Z. (2012b). The influence of surface chemistry and size of nanoscale graphene oxide on photothermal therapy of cancer using ultra-low laser power. Biomaterials 33, 2206–2214. doi:10.1016/j.biomaterials.2011.11.064
 Yang, K., Feng, L., Shi, X., and Liu, Z. (2013a). Nano-graphene in biomedicine: Theranostic applications. Chem. Soc. Rev. 42, 530–547. doi:10.1039/c2cs35342c
 Yang, Z., Li, Z., Xu, M., Ma, Y., Zhang, J., Su, Y., et al. (2013b). Controllable synthesis of fluorescent carbon dots and their detection application as nanoprobes. Nanomicro. Lett. 5, 247–259. doi:10.5101/nml.v5i4.p247-259
 Yang, J., Gao, G., Zhang, X., Ma, Y. H., Jia, H. R., Jiang, Y. W., et al. (2017). Ultrasmall and photostable nanotheranostic agents based on carbon quantum dots passivated with polyamine-containing organosilane molecules. Nanoscale 9, 15441–15452. doi:10.1039/c7nr05613c
 Yu, H., Zhao, H., Huang, C., and Du, Y. (2017). Mechanically and electrically enhanced CNT-Collagen hydrogels as potential scaffolds for engineered cardiac constructs. ACS Biomater. Sci. Eng. 3, 3017–3021. doi:10.1021/acsbiomaterials.6b00620
 Zhang, L., Xia, J., Zhao, Q., Liu, L., and Zhang, Z. (2010). Functional graphene oxide as a nanocarrier for controlled loading and targeted delivery of mixed anticancer drugs. Small 6, 537–544. doi:10.1002/smll.200901680
 Zhang, S., Yang, K., Feng, L., and Liu, Z. (2011). In vitro and in vivo behaviors of dextran functionalized graphene. Carbon 49, 4040–4049. doi:10.1016/j.carbon.2011.05.056
 Zhang, K., Zheng, H., Liang, S., and Gao, C. (2016). Aligned PLLA nanofibrous scaffolds coated with graphene oxide for promoting neural cell growth. Acta Biomater. 37, 131–142. doi:10.1016/j.actbio.2016.04.008
 Zheng, F. F., Zhang, P. H., Xi, Y., Chen, J. J., Li, L. L., and Zhu, J. J. (2015). Aptamer/Graphene quantum dots nanocomposite capped fluorescent mesoporous silica nanoparticles for intracellular drug delivery and Real-Time monitoring of drug release. Anal. Chem. 87, 11739–11745. doi:10.1021/acs.analchem.5b03131
 Zhu, S., Meng, Q., Wang, L., Zhang, J., Song, Y., Jin, H., et al. (2013). Highly photoluminescent carbon dots for multicolor patterning, sensors, and bioimaging. Angew. Chem. Int. Ed. 52, 3953–3957. doi:10.1002/anie.201300519
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zheng, Tian, Ouyang, Shen, Wang and Luan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-990362-t004.jpg
Graphene type

3D free standing porous and flexible GO
3D graphene foams

GO

biomimetic GO

biomimetic GO

Polymer

PLLA nanofibrous

Dimethylaminoethyl methacrylate
MPC

Method

Coating
Covalently linking
Covalently linking

Reference

Serrano et al. (2014)
Song et al. (2014)
Zhang et al. (2016)
Tu et al. (2013)

Tu et al. (2013)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Carbon nanomaterials for drug delivery and tissue engineering		1 Introduction

		2 Synthesis methods and related structures of carbon nanomaterials		2.1 Synthesis methods and related structures of CDs

		2.2 Synthesis methods and related structures of CNTs

		2.3 Synthesis methods and related structures of graphenes





		3 Advances in the drug delivery of carbon nanomaterials		3.1 CD-based carbon nanomaterials for drug delivery

		3.2 CNT-based carbon nanomaterials for drug delivery

		3.3 Graphene-based carbon nanomaterials for drug delivery





		4 Advances in the tissue engineering of carbon nanomaterials		4.1 Application of CDs in tissue engineering

		4.2 Applications of CNTs in tissue engineering

		4.3 Application of graphene in tissue engineering





		5 Conclusion and outlook

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/fchem-10-990362-t003.jpg
No CNT tpye Polymer Method Reference

1 MWCNTSs - - Tanaka et al. (2017a)
2 MWCNTs - - Tanaka et al. (2017b)
3 MWCNTs - - Oyefusi et al. (2014)
4 MWCNTs - - Khalid et al. (2015)
5 MWCNTSs Poly (L-lactic-acid) Freeze drying Duan et al. (2015)

6 MWCNTs Collagen/hydroxyapatite Freeze-drying Jing et al. (2017)

7 MWCNTs PCL-hydroxyapatite Extrusion-based additive manufacturing system Gongalves et al. (2016)
8 MWCNTs Polymethyl methacrylate Injection moulding Wang et al. (2019)

9 MWCNTs Polycaprolactone Co-precipitation method Swigtek et al. (2019)
10 SWCNTs Polylactic-co-glycolic acid Oil-in-water emulsion method Gupta et al. (2014)





OPS/images/fchem-10-990362-t005.jpg
Graphene tpye

Polyethylene glycol-functionalized GO
GO

Multi-walled GO nanoribbons or GO nanoplatelets
Surface functionalized GO

Polymer

Poly (propylene fumarate)
Chitosan/HPA
Polypropylene fumarate
Fibrin

Method

Freeze-drying
Chemical conjugation
‘Thermal cross-linking and specimen fabrication

Coating

Reference

Depan et al. (2014)
Oyefusi et al. (2014)
Lalwani et al. (2013)
Deepachitra et al. (2013)





OPS/images/fchem-10-990362-t002.jpg
CNT type

Polymer

Method

Reference

b . A

~

MWCNTs
MWCNTs
MWCNTs
MWCNTs
MWCNTs
SWCNTs
SWCNTs
SWCNTs

Gelatin methacrylate
Collagen type I

Thiophene

Poly (lactic-co-glycolic acid)
Poly (glycerisebacate)/gelatin
Gelatin chitosan hydrogel
Collagen patch

Polyvinyl alcohol/chitosan

Photo-crosslinking
Sonicated

Electrospinning
Electrospinning
Electrospinning

Gel method

Intercalated disc assembly

Electrospinning

Shin et al. (2013b)

Yu et al. (2017)
Wickham et al. (2014)
Liu et al. (2016)
Kharaziha et al. (2014)
Pok et al. (2014)

Sun et al. (2015)
Mombini et al. (2019)





OPS/images/fchem-10-990362-t001.jpg
CNT type Polymer Method Reference
1 MWCNTs Poly (dimethyldiallylammonium chloride) Layer-by-layer assembly Shao et al. (2018)
2 MWCNTs Chitin Solution and regenerating Wu et al. (2017)
3 MWCNTs Poly (2-hydroxyethyl methacrylate) Polymerization process Arslantunali et al. (2014)
4 MWCNTs Hyperbranched polyglycerol sulfate Dispersion and coating Xia et al. (2019)
5 MWCNTs PEGDA Vat-photopolymerization Lee et al. (2018)
6 MWCNTSs Chitosan/polyurethane/polypyrrole Electrospinning Shrestha et al. (2018)
7 MWCNTSs Poly (lactic-co-glycolic acid) Electrospinning Wang et al. (2018)
8 SWCNTs Hydrogels Gel method Koppes et al. (2016)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-10-990362-g005.gif





OPS/images/fchem-10-990362-g006.gif





OPS/images/fchem-10-990362-g003.gif





OPS/images/fchem-10-990362-g004.gif





OPS/images/fchem-10-990362-g009.gif





OPS/images/fchem-10-990362-g007.gif





OPS/images/fchem-10-990362-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-10-990362-g001.gif





OPS/images/fchem-10-990362-g002.gif





