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One of the major components in the development of nanomedicines is the choice of

the right biomaterial, which notably determines the subsequent biological responses.

The popularity of carbon nanomaterials (CNMs) has been on the rise due to their

numerous applications in the fields of drug delivery, bioimaging, tissue engineering,

and biosensing. Owing to their considerably high surface area, multifunctional surface

chemistry, and excellent optical activity, novel functionalized CNMs possess efficient

drug‐loading capacity, biocompatibility, and lack of immunogenicity. Over the past

few decades, several advances have been made on the functionalization of CNMs to

minimize their health concerns and enhance their biosafety. Recent evidence has also

implied that CNMs can be functionalized with bioactive peptides, proteins, nucleic

acids, and drugs to achieve composites with remarkably low toxicity and high

pharmaceutical efficiency. This review focuses on the three main classes of CNMs,

including fullerenes, graphenes, and carbon nanotubes, and their recent biomedical

applications.
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1 | INTRODUCTION

Carbon nanostructures have found a very important niche in medical

science and new technologies. These materials, including zero‐
dimension fullerenes, one‐dimensional carbon nanotubes (CNTs),

and two‐dimensional graphene (Figure 1), share in common carbon

atoms with sp2 hybridization with a hexagonal arrangement

(Karttunen, Fässler, Linnolahti, & Pakkanen, 2010). This very specific

property along with the other interesting physiochemical features of

carbon nanomaterials (CNMs) have ushered in a new biomedical era.

In addition to their early medical applications in biosensors and

bioimaging contrast agents, recently, a series of studies have been

published on CNMs‐based advancements in regenerative medicine,

tissue engineering, drug delivery, and nonviral gene transfer (Alshehri

et al., 2016; Georgakilas et al., 2016; G. Hong, Diao, Antaris, & Dai,

2015; J. Lee, Kim, Kim, & Min, 2016; Pattnaik, Swain, & Lin, 2016;

Zheng, Ananthanarayanan, Luo, & Chen, 2015). Despite these

beneficial contributions, the potential applications of CNMs have

not been expanded to the clinical trial stage as yet. There are several

major concerns, such as their poor aqueous solubility, low biode-

gradability, and their undesirable biosafety issues (Al‐Jumaili,

Alancherry, Bazaka, & Jacob, 2017; Hou et al., 2016; Notarianni,

Liu, Vernon, & Motta, 2016). It is noteworthy that the toxicity of

CNMs is generally low after an intravenous injection, and the

features of CNMs control their biosafety (Chang, Yang, & Xing, 2014;

S. T. Yang, Luo, Zhou, & Wang, 2012). These products are more

reactive and catalytic due to their extremely small size and

large surface area. Also, their use in nanomedicine may be associated

with another limitation after intravenous or interstitial injections,

that is, entry into the human body without absorption through

the gastrointestinal tract. More importantly, they can interact

with biomolecules or accumulate in human tissues or organs
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(Satalkar, Elger, Hunziker, & Shaw, 2016). Multiple methodologies

have been proposed to modify CNMs that not only make them

soluble in an aqueous environment but also impede their toxicity

(2017; Mukherjee et al., 2016; Perepelytsina et al., 2016). Solubility

under physiological conditions paves the way toward the synthesis of

a wide variety of active complexes through linking CNMs to peptides,

proteins, nucleic acids, and so forth. This review was an attempt to

deal with the biological implications of the three major types of

CNMs, namely, fullerene, graphene, and CNTs. Considering previous

published papers on these three families, this review aims to discuss

the more recent investigations, highlighting their significant role in

the promotion of new delivery vectors of biomolecules as well as

theranostic approaches.

1.1 | Fullerenes

Fullerenes (C60) are the third allotrope of carbon after diamond and

graphite in the nanoscale range with peculiar photoelectrochemical

features (Figure 1). However, fullerenes appear to be completely

insoluble in water due to their hydrophobic properties, which,

accordingly, limit their biological applications (Durdagi, Mavromous-

takos, Chronakis, & Papadopoulos, 2008; Horie et al., 2009; Nosik

et al., 2009; Sańchez, Otero, Gallego, Miranda, & Martiń, 2009).

Therefore, functionalization using amino, carboxyl, or hydroxyl

groups has been shown to enhance the water‐soluble properties of

fullerene derivatives and result in high biocompatibility (Montellano,

Da Ros, Bianco, & Prato, 2011).

1.1.1 | Cancer therapy

The excellent ability of fullerenes to scavenge free radicals enables

them to be utilized as an effective radioprotective agent since free

radicals are generated upon radiotherapy and exert adverse effects on

patients under cancer treatment (Bentzen, 2006). In a zebrafish

embryo model, it was reported that the fullerene DF‐1, a C60 fullerene

derivative known as dendrofullerene with good water solubility, exerts

ameliorative effects on radiation‐induced damage through, in part,

attenuating the synthesis of reactive oxygen species. More impor-

tantly, these useful outcomes are also evident even when the

fullerene DF‐1 is administered 15min post irradiation. Interestingly,

F IGURE 1 Schematic structure of carbon nanomaterials (CNMs) and the method for transforming pristine CNMs (as produced) into smart

bio‐nanomaterials [Color figure can be viewed at wileyonlinelibrary.com]
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the observed radioprotection is comparable to that of amifostine, a

radioprotector approved by the Food and Drug Administration

(Daroczi et al., 2006).

It is shown that C60 can be raised from the ground state to a

higher energy level (1C60) upon photoexcitation, immediately relaxing

to the long‐lived triplet state 3C60, culminating in energy transfer to

peripheral oxygen and singlet oxygen formation. The two com-

pounds, 1C60 and 3C60, can return to the ground state by electron

transfer (Iwamoto & Yamakoshi, 2006; Markovic & Trajkovic, 2008).

These photoexcitation‐induced free radicals display high affinity to

several biomolecules (e.g., lipids, proteins, and nucleic acids), whereby

fullerenes can exert their effects on cancer cells akin to that of

classical photodynamic therapy (PDT). In this respect, it was

documented that a water‐soluble C60 containing a covalent conjuga-

tion of N‐vinylpyrrolidone produced ∙−O2 in high quantities and then

caused DNA cleavage under visible light irradiation, which was

indicative of its potential application for PDT (Iwamoto & Yamakoshi,

2006). Therefore, functionalized fullerenes can counteract tumor

growth through the induction of toxicity caused by photoirradiation

(Da Ros, 2008; Iwamoto & Yamakoshi, 2006). As for the antitumor

effects of fullerene and its derivatives, many studies have reported

the other underlying mechanism (Meng, Liang, Chen, & Zhao, 2013).

In a study design that included both in vitro and in vivo experiments,

a new product was developed based on fullerene, gadolinium

metallofullerenol nanoparticles. It was found to have considerable

anticancer potential through downregulation of angiogenic factors.

Moreover, the anticancer efficacy of these nanoparticles was

observed in nude mice, which was comparable to the clinical

anticancer drug paclitaxel (PTX). It is noteworthy that there were

no obvious signs of serious side effects (X.‐J. Liang et al., 2010).

Further investigations showed that these nanoparticles can interfere

with the development of tumor cell invasion and metastasis through

suppressing the production of matrix metalloproteinase enzymes

(MMPs). MMPs are necessary to break down the extracellular matrix

and facilitate tumor metastasis. Furthermore, treatment of animals

with these nanoparticles led to a fibrous cage, speculated to function

as a physical barrier to cut the communication between cancer‐ and
tumor‐associated macrophages, which activate these enzymes

(H. Meng et al., 2012).

1.1.2 | Anti‐inflammatory therapy

In addition to the excellent ability of fullerenes to scavenge free

radicals, it can also be a potent anti‐inflammatory agent. For instance,

it has been found that C60 fullerene induces the suppression of Ag‐
driven type I hypersensitivity through the notable prevention of the

IgE‐dependent mediator. Therefore, C60 fullerene can manage varied

mast‐cell–dependent allergic inflammations, namely, asthma, inflam-

matory arthritis, heart disease, and multiple sclerosis (Ryan et al.,

2007). Besides this, fullerenes present anti‐inflammatory properties

through stabilization of mast cells and peripheral blood basophils,

and inhibition of the release of proinflammatory mediators (Dellinger

et al., 2013). Conversely, fullerene and its derivatives can produce

cytotoxic free radicals under photoirradiation, indicating the addi-

tional feasibility of the therapeutic approach toward cancer

(Markovic & Trajkovic, 2008).

1.1.3 | Diagnostic medicine

A number of gadolinium‐containing fullerene derivatives have had the

capacity to develop into pronounced magnetic resonance imaging

(MRI) contrast agent (Dellinger et al., 2013). In relation to commer-

cially available gadolinium‐based MRI contrast agents, those contain-

ing fullerenes presented better sensitivity, ease of moiety decoration,

and desirable safety (Dellinger et al., 2013). It was reported that the

use of gadofullerene MRI contrast agents encapsulated into liposomes

conjugated with a macrophage scavenger receptor CD36 enabled

successful visualization of atherosclerotic plaques in mice due to their

specificity for oxidized phosphatidylcholine and oxidized low‐density
lipoprotein (C. Chen & Wang, 2016). This indicates another potential

of gadolinium‐containing fullerene derivatives for the development of

novel theranostics. In light of the strong hydrophobic or electrostatic

interactions between fullerenes and proteins, there has been some

evidence for its major role in suppressing the activities of many

enzymes (Da Ros, 2008). As an example, C60 fullerene can form a salt

bridge and the van der Waals contacts with the active site of HIV‐1
protease, thereby significantly inhibiting its activity (Friedman et al.,

1993). Furthermore, polyhydroxylated fullerenes, called fullerenols or

fullerols, capable of self‐assembly into virus‐sized nanoparticles, were

developed to encapsulate the DNA antigen specific to HIV. These

nanoparticles could mitigate the antigen dosage and immunization

frequency, and yet preserve immunity levels that resulted in a strong

response against the infection (L. Xu et al., 2013). Some studies have

addressed the efficacious antibacterial activity of fullerene derivatives,

which may be attributed to subsequent disturbances in the membrane

integrity, interference with the respiratory chain, and synthesis of free

radicals upon exposure to photoirradiation (Mashino, Usui, Okuda,

Hirota, & Mochizuki, 2003; Y. J. Tang et al., 2007; Tegos et al., 2005).

1.1.4 | Anticancer and other drugs’ delivery

In addition to such biological features, functionalized fullerenes can

be used as useful nanocarriers for drug and gene delivery because of

their optimal sizes and hydrophobic surface, which enable easy

crossing of cell membranes (Montellano et al., 2011; Figure 2). There

have some reports on the potential of clinically used antitumor drugs

(e.g., PTX, doxorubicin) to be conjugated on the surface of C60

(J. H. Liu, Cao, et al., 2010; Zakharian et al., 2005). These conjugates

demonstrated desirable release profiles and considerable antitumor

activities. Fullerenols have been shown to be potentially useful for

delivering anticancer drugs due to their high solubility in polar

solvents and subsequently high loading capacity for many pharma-

ceuticals (Chaudhuri, Harfouche, Soni, Hentschel, & Sengupta,

2009; Chaudhuri, Paraskar, Soni, Mashelkar, & Sengupta, 2009).

A fullerenol model has been developed for doxorubicin using a

carbamate linker. Both in vitro and in vivo studies have indicated the
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antitumor efficacy of the fullerenol–doxorubicin conjugate. More-

over, this model has been also tested in conjugation with cisplatin

through the cyclopropanation reaction, suggesting that the presence

of the carboxylic acids acts as an anchor for the ligation of the platin‐
based complex (Chaudhuri, Paraskar, et al., 2009). Metallofullerene

nanoparticles were used to deliver cisplatin, the clinical application of

which is restricted due to multidrug resistance. The findings showed

that these nanocarriers can reverse tumor resistance to the drug,

improve its intracellular accumulation, and increase cisplatin–DNA

adducts through recovery of the defective endocytosis of cancerous

cells (X.‐J. Liang et al., 2010). More recently, a biocompatible and

water‐soluble fluorescent fullerene (C60‐TEG‐COOH)–coated meso-

porous silica nanoparticle (MSN) was reported to not only release

drug in a pH‐sensitive manner, but also detect the cellular uptake of

nanoparticles based on the green fluorescent property of the

C60‐modified MSN. Despite the considerable biocompatibility of the

C60‐modified MSN, the loading of doxorubicin was associated with

high toxicity in HeLa cells (Tan et al., 2016). A fullerene‐based (C82)

drug‐delivery system was prepared applying doxorubicin and cyclic

RGD motif (DOXO‐C82‐cRGD) for potential clinic utility in lung

cancer treatment (L. Zhao, Li, & Tan, 2017). These nanoparticles had

a significantly small diameter (~1.7 nm), high stability in a phosphate

buffer solution (PBS), and concentration‐dependent deconjugation in

a glutathione solution. In vitro investigations indicated that nonsmall

lung cancer cells achieved the uptake of these nanoparticles

compared with DOXO‐C82 and DOXO. Moreover, they

exerted significantly toxic effects on cells even at low doses

(L. Zhao et al., 2017). Employing the density functional theory,

C30B15N15 heterofullerene was constructed as a carrier to deliver

isoniazid (Hazrati, Bagheri, & Bodaghi, 2017). It was found that the

most favorable state was related to the interaction of the –NH2

group of the drug with a boron atom of the fullerene, generating a

high amount of energy (~21.91 kcal/mol). The change in fluorescence

emission of the C30B15N15 denoted the separation of the isoniazid

from the surface of the carrier by proton attack in the low pH of

cancerous tissues (Khodam Hazrati et al., 2017). Likewise, Samanta &

Das (2017) adopted this theory and developed C60–drug composite

systems to deliver a host of chemotherapeutic drugs, such as

temozolomide, procarbazine, carmustine, and lomustine, via crossing

of the blood–brain barriers. The results displayed that the interaction

between the drugs and the carrier was of the noncovalent type. The

adsorbed drug molecules exerted promotive effects on the polarity of

the pristine C60, hence facilitating the release of the drug within the

biological systems, while failing to alter the electrical conductivity of

C60 in the composites. Chemical analyses confirmed that the drug

molecules were least perturbed by the C60 moiety, indicating the

effectiveness of this carrier for the delivery of these brain anticancer

drugs (Samanta & Das, 2017). To extend these studies, Shariatinia

(2018) utilized the density functional theory to optimize the covalent

bonding of anticancer phosphoramides (2 and 3) through the

F IGURE 2 Schematic cartoon illustrating the cellular fate of functionalized carbon nanomaterials (CNMs). Cell internalization occurred by
endocytosis or simple cell penetration through lipid bilayers (phagocytosis and pinocytosis are other possible routs [not shown]). Entrapped

CNMs could reach the cytoplasm after endosomal release or they could be directed to the lysosome site and the related enzymatic degradation
process. Cargo release could occur in many organelles, including the nucleus with the external triggers, like in photodynamic therapy or it can be
designed to be done when CNMs reach the cytoplasm. Also, the exocytosis and excretion of intact or degraded nanoparticles are possible and

were shown [Color figure can be viewed at wileyonlinelibrary.com]
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phosphoryl oxygen atom to the boron‐doped fullerene B‐C59
surface. Different compounds were evaluated and, taken together,

they concluded that the delivery system number 4 was preferred for

the cancer therapy owing to its higher ΔEbinding, ΔHinteraction, and

ΔGinteraction (Shariatinia, 2018). In addition to anticancer drugs, C60

has been applied to deliver many other bioactive molecules, for

instance, warfarin (Zacchigna, Klumpp, Prato, & Bianco, 2009). The

warfarin‐polyfunctionalized fullerenes conjugate was shown to

continuously release the drug from the carbon support, prevent

fluctuations in warfarin levels in blood, and ameliorate the resulting

damages, such as thrombosis (Zacchigna et al., 2009). Specifically,

biomolecules (e.g., erythropoietin) with poor bioavailability can be

useful for this delivery system. Indeed, fullerene can act as a porous

adsorbent for oral administration to impede degradation by hydro-

lytic and proteolytic enzymes, and improve low membrane perme-

ability (Venkatesan, Yoshimitsu, Ito, Shibata, & Takada, 2005). In

another study, a delivery system was established with tetra

(piperazino) fullerene epoxide, which had distinct organ selectivity,

elevated gene expression, and showed no acute toxicity in the liver

and kidney (Maeda‐Mamiya et al., 2010). For the first time, a novel

immunoconjugate was reported containing a well‐developed
fullerene scaffold by the Bingel–Hirsch reaction and the antibody

ZME‐018 that binds the gp240 antigen with high specificity in human

melanoma cells. In addition, the fullerene scaffold can accommodate

different drugs (Ashcroft et al., 2006). There was some evidence that

a methanofullerene with two terminal carboxylic acids appeared to

be useful for modulating the cellular uptake of polyarginines

(Nishihara et al., 2005). Intriguingly, this derivative was also found

to efficiently activate oligo/polyarginines in the egg yolk phosphati-

dylcholine membrane, implying its potential to cross the bilayer and

easily penetrate into live cells (Perret et al., 2005). In this respect, the

type of membrane was observed to play a pivotal role in the

efficiency of the system (Perret et al., 2005). Another report

demonstrated that fullerenes decorated with amino acids could

interact with human epidermal keratinocytes, providing a basis for

further applications in transdermal delivery systems (Rouse, Yang,

Barron, & Monteiro‐Riviere, 2006). This complex can maintain cell

viability, while producing no proinflammatory reactions in a

concentration‐dependent manner; that is, fullerene concentrations

less than 0.04mg/ml were associated with decreased cytokine

activity and yet increased cell survival (Rouse et al., 2006).

Furthermore, to increase the understanding of physical factors for

the development of drug‐delivery systems through the skin, they

investigated the effect of mechanical flexion on the penetration

ability of the fullerene complex with amino acids into the skin

(Rouse, Yang, Ryman‐Rasmussen, Barron, & Monteiro‐Riviere, 2007).
Their findings showed that mechanical stressors strongly elevated

the rate of nanoparticle penetration into the dermis. Therefore, the

fullerene‐based peptides can cross the epidermal layers via compro-

mising the permeability barrier of the epidermis (passive diffusion;

Rouse et al., 2007). Such strong interactions between the fullerene

derivative and cell membrane were previously reported by

Pantarotto et al. (2002), whose study substantiated the antimicrobial

activities of the solid‐phase synthesis of peptides containing C60

fullerene‐functionalized amino acids against the Gram‐positive
bacterium Staphylococcus aureus and lysed erythrocytes.

1.1.5 | Gene delivery

Current emerging therapies for genetic diseases are based on the

cellular delivery of foreign nucleic acids, such as DNA, RNA, short

interfering RNA (siRNA), microRNA (miRNA), locked nucleic acid

(LNA), and plasmid DNA (pDNA; Y. W. Huang, Lee, Tolliver, &

Aronstam, 2015; Karimi et al., 2015; Munk et al., 2016; H. Wang,

Yang, Yang, & Tan, 2009). For the development of an efficient nucleic

acid delivery system, four major criteria must be fulfilled: (a) Binds to

nucleic acids and creates a stable complex; (b) preserves nucleic acids

from nuclease‐mediated destruction and directs them into the

intercellular compartments; (c) enables them to overcome the

different cell barriers; and (d) causes no serious adverse effect

(Gao, Kim, & Liu, 2007; Karimi et al., 2015). Considering the induction

of high immune response and carcinogenicity risks after viral vector

exposure, recent efforts have shifted toward nonviral methods

(Nayak & Herzog, 2010; Ramamoorth & Narvekar, 2015; Riley &

Vermerris, 2017). However, some of the nonviral approaches might

have lower ability to transverse nuclear membrane, lower efficiency

and poor transgene expression, and/or some biosafety issues

(Ramamoorth & Narvekar, 2015; T. Wang, Upponi, & Torchilin,

2012). Therefore, considerable efforts have been made to find and

create new materials suitable for gene delivery, and in this case,

fullerenes have also been tested. The first attempt was made in

Nakamura et al. (2000)’s study, where a double‐handed fullerene

derivative with four positive charges was constructed for the

transfection of pDNA (Nakamura et al., 2000). This compound was

found to be an effective transfection reagent with the capability of

binding to 4–40 kbp DNA vector and delivering it into target cells.

Folding of the supercoiled DNA molecule occurred by developing

disklike condensates, consisting of one to few DNA double strands

(Isobe, Sugiyama, Fukui, Iwasawa, & Nakamura, 2001). This was

reversible by using extraction with chloroform, which culminated in

dissolving of the compound and the production of free DNA

molecules. The complexation mechanism is composed of two steps;

shortly after mixing DNA chains with the compound containing the

fullerene derivative (the two‐handed tetraaminofullerene), some

aggregates are formed through the van der Waals forces, followed

by a restructuring process via attractive electrostatic forces

(Ying et al., 2005). Further investigations highlighted that endocy-

tosis led to uptake of the compound/DNA polyelectrolyte–surfactant

complexes and the fullerene derivative shielded the DNA from

enzymatic digestion (Isobe et al., 2006b). The release of the plasmid,

either by loss of the ammonium groups of the compound or their

transformation into neutral derivatives, resulted in subsequent

transient or even stable gene expression (Isobe et al., 2006a).

Yu et al. (2005) developed a water‐soluble C60‐containing polymer

with potential use as carriers for drug or gene delivery, especially

if the critical micelle concentration was around 2.1 gm/dm3
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(Yu et al., 2005). Numerous studies have been performed to prepare

a variety of cationic, neutral, and anionic complexes based on

fullerenes (Isobe et al., 2006a; Klumpp et al., 2007; Ortiz mellet,

Benito, & García fernández, 2010; Shin et al., 2009; Sitharaman et al.,

2008). However, it was found that fullerene systems with an

isotropic distribution of positive charges could lead to a more

efficient gene delivery (Sigwalt et al., 2011). The initial report of in

vivo studies on fullerene derivatives was published by Maeda‐
Mamiya et al. (2010), who developed the cationic tetraaminofuller-

ene with a high hydrophilicity to complex pDNA, and then compared

its efficiency and toxicity with Lipofectin. Their study showed no

acute toxicity upon administration of the fullerene complex versus

that of Lipofectin. Delivery of the insulin 2 gene to female C57/BL6

mice increased the plasma insulin level, and yet decreased the blood

glucose concentration, indicating the promising therapeutic utility of

fullerene derivatives as gene‐delivery carriers (Maeda‐Mamiya et al.,

2010). As for the enhanced green fluorescent protein (EGFP) gene, it

was found that tetrapiper (azino)fullerene epoxide 2 could perform

transfection in the liver and spleen in pregnant female ICR mice

(Nakamura & Isobe, 2010). In relation to conventional systems based

on lipid (Lipofectamin LTX™), this delivery approach had greater

efficiency and selectivity, but no acute toxicity in liver and kidney

tissues (Nakamura & Isobe, 2010). C.‐H. Hung et al. (2015) extended

the work by Sitharaman et al. (2008) by using “click” coupling to

construct the generation one (G1) amphiphilic poly(amido amine)

dendron‐bearing fullerenyl conjugate. Characterization of findings by

atomic force microscopy, transmission electron microscopy, and

dynamic light scattering revealed that this compound could be

successfully self‐assembled into positively charged nanoparticles

with a uniform size distribution and had the ability to form stable

complexes with pDNA (pEGFP‐C1) at low nitrogen‐to‐phosphorous
ratios. Transfection assays using fluorescence microscopy and

flowcytometry showed that around half of the HeLa and MCF‐7
cells were efficiently transfected with this system (C.‐H. Hung

et al., 2015).

1.2 | Graphene

Graphene is composed of sp2 hybridized carbon atoms arranged as a

two‐dimensional material with a honeycomb lattice and their

electrons are present in aromatic conjugated domains. Main types

of graphenes include single or multilayer graphene, graphene oxide

(GO), reduced GO (RGO), and graphene quantum dots (Figure 1).

The unique physical, chemical, and electronic characteristics of the

graphene family can yield many applications, including light‐emitting

diodes, batteries, and supercapacitors (J. Wu, Agrawal, et al., 2010;

Z.‐S. Wu, Agrawal, et al., 2010; Z. S. Wu, Parvez, Feng, & Müllen,

2013). Current studies have highlighted the biomedical applications

of graphenes, such as drug delivery, biomedical imaging, and

anticancer therapy (Novoselov et al., 2012). Additionally, graphenes

have become very popular for use in biosensors and tissue

engineering scaffolds (Feng & Liu, 2011; Y. Wang, Li, Wang, Li, &

Lin, 2011). Functionalization of GO with inorganic nanoparticles

(e.g., iron oxide nanoparticles) leads to nanocomposites, having

shown high utility as contrast agents for MRI (Tao et al., 2012). The

presence of large delocalized π‐conjugated structures on the surface

of GO provides superior capacity for surface modification, thus

loading different aromatic drugs (Y. Liu, Yu, Zeng, Miao, & Dai, 2010;

X. Sun et al., 2008; Tian, Wang, Zhang, Feng, & Liu, 2011). Drug

molecules can be loaded onto graphene‐based nanomaterials through

noncovalent interactions (i.e., π–π stacking interactions, hydrogen

bonding, or hydrophobic interactions). Initial efforts based on

graphene nanomaterials for use in drug delivery were made by Dai

et al., whose study reported loading of a camptothecin analogue,

SN38, to GO‐PEG by π–π stacking. This system was found to have

excellent water solubility, notable efficiency of SN38 delivery, and

marked toxicity in target cells (Z. Liu, Robinson, Sun, & Dai, 2008). In

addition to evidence indicating the GO potential for the delivery of

small drug molecules, the decoration with cationic polymers has

highlighted its usefulness for several other biomacromolecules,

including pDNA and siRNA. This can be a promising alternative to

former gene‐delivery systems (Feng et al., 2013; Tian et al., 2011;

L. Zhang, Lu, et al., 2011).

1.2.1 | Anticancer drugs delivery

It has been demonstrated that PEGylated GO can attach aromatic

anticancer drugs and carry them into the cancer cells in vitro,

suggesting that this novel graphitic delivery system is suitable for

improving cancer treatment with different aromatic, low‐solubility
drugs (Z. Liu, Robinson, et al., 2008; X. Sun et al., 2008). In another

study, doxorubicin‐loaded PEGylated nano‐GO was developed to

benefit from chemotherapy and photothermal therapy (PTT) simul-

taneously. The in vitro results indicated that this delivery system was

not cytotoxic to murine mammary tumor line EMT6 cells. Moreover,

the tumor volume declined in mice exposed to doxorubicin‐loaded
PEGylated nano‐GO and photothermal treatment (Feng, Zhang, &

Liu, 2011). Functionalization of GO with polyethylene glycol (PEG)

and 2,3‐dimethylmaleic anhydride‐modified poly(allylamine hydro-

chloride) yielded a pH‐responsive nanocarrier. Loading doxorubicin

into this complex was associated with enhanced cellular uptake as

well as accelerated drug release. One probable mechanism may have

resulted from overcoming drug‐resistant cancer cells under the

tumor microenvironmental pH (Feng et al., 2014). GO can not only be

a useful carrier for the delivery of anticancer drugs, but can also

facilitate the delivery of small molecular photosensitizers for PDT.

Tian et al. (2011) designed a complex using nano‐GO and PEG for

Chlorin e6. The resultant product was water soluble and capable of

generating cytotoxic singlet oxygen under light excitation. Besides,

the exposure of GO to a NIR laser increased photodynamic

destruction influences on cancer cells (Tian et al., 2011). W. Zhang,

Guo, et al. (2011) used a novel folic acid‐conjugated GO to deliver

Chlorin e6. Likewise, these nanocarriers effectively improved the

accumulation of Chlorin e6 in cancerous cells and the efficacy of PDT

on MGC803 cells after irradiation. More recently, nano‐GO sheets

were functionalized with a Pluronic block copolymer to deliver
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methylene blue for combined photodynamic–photothermal therapies

of cancer. This complex was pH sensitive, with considerable

specificity for the targeted cells and without marked toxicity toward

the cells. The combined impact of photodynamic and photothermal

therapies was evidenced as changes in the tumor tissue in tumor‐
bearing mice (Sahu, Choi, Lee, & Tae, 2013).

Hematin‐conjugated dextran‐functionalized GO hybrids were

developed using π–π interactions to deliver doxorubicin against

drug‐resistant MCF‐7/ADR cells (Jin, Ji, Yang, Wang, & Cao, 2013).

This study documented enhanced physiological stability with a loading

capacity as high as 3.4mg/mg nanoscale GO. It was also found that

this nanoscale hybrid achieved a pH‐dependent release profile,

showing more release at lower pH. These hybrids were found to

effectively accumulate in the cytoplasm and nucleus of the cells, and

then release around a third (30%) of the drug over 6 days

(Jin et al., 2013). A similar pH‐dependent GO‐based (GO‐PEG/ZnS:
Mn composite particles) system was prepared by manganese‐doped
zinc sulfide to deliver doxorubicin (Dinda et al., 2016). The drug was

attached to the carrier noncovalently and the loading capacity was

improved by the composite concentration, particularly the more GO

surface available for the drug attachment. For instance, if 1,000mg/ml

of a GO‐PEG/ZnS:Mn solution was mixed with 300mg/ml doxorubicin,

the loading capacity was 100%. Moreover, the DOX‐loaded composite

particles were shown to cause toxicity in almost 85% of HeLa cancer

cells (Dinda et al., 2016). Using the magnetic field to control the drug

release, PEGylated Fe2O3@Au core–shell nanoparticles conjugated to

reduced GO were created as a multifunctional system for the delivery

of both loaded doxorubicin and PTT (H. Chen, Liu, Lei, Ma, &

Wang, 2015). The upper limit of the loading capacity reached around

1.0mg/mg nanocomposites through π–π stacking interactions.

Although the nanocomposites demonstrated the sustained release of

doxorubicin (17% of the drug over 2 hr) in PBS at pH 7.4, a burst

release occurs after irradiation under an 808‐nm NIR laser. Besides,

with magnetic guidance, the drug‐loaded nanocomposites can selec-

tively kill cells close to the magnetic field. Accordingly, the loaded drug

onto the carrier could present sustained release at specific sites

(H. Chen, Liu, et al., 2015). Additionally, graphene‐based Fe3O4

composites were developed by applying GO and FeCl3·6H2O as the

starting materials to deliver doxorubicin (K. Zhou, Zhu, Yang, & Li,

2010). The maximal loading of doxorubicin onto the composite was

reported to be 65%, which appeared to be greater than the values

related to GO with the same Fe3O4. This considerable potential arose

from the high specific surface area conferred by graphene and the π–π

interactions between graphene and the drug (K. Zhou et al., 2010). It is

noteworthy that the application of Fe3O4 nanoparticles was observed

to enhance bioimaging due to the increased cell‐to‐background
contrast (W. Chen, Wen, Zhen, & Zheng, 2015). In the delivery of

PTX, graphene‐based nanomaterial‐loaded PTX provided better

cytotoxicity against cancer cells. GO was decorated with PEG to

elevate its stability and biocompatibility in a physiological solution

(Z. Xu et al., 2014). Thereafter, PTX was attached onto the GO‐PEG
composites by π–π stacking and hydrophobic interactions, leading to a

relatively high loading capacity (11.2 wt%). Employing inverted

fluorescence microscopy, it was found that A549 and MCF‐7 cells

achieved the cellular uptake of GO‐PEG/PTX in 1 hr. As opposed to

the free drug, GO‐PEG/PTX yielded less cell viability depending on the

concentration of PTX and time (Z. Xu et al., 2014). Similar findings

were observed by C. Zhang, Lu, Tao, Wan, & Zhao (2016) utilizing

PEGylated nano‐GO to deliver PTX and indocyanine green (ICG)

simultaneously (NGO‐PEG–ICG/PTX). High cytotoxicity was caused by

NGO‐PEG–ICG/PTX in MG‐63 (human osteosarcoma) cells even at a

concentration of 200 μg/ml. Moreover, the results of in vivo

fluorescence imaging exhibited high MG‐63 tumor accumulation of

NGO‐PEG–ICG/PTX (C. Zhang et al., 2016). Angelopoulou, Voulgari,

Diamanti, Gournis, & Avgoustakis (2015) functionalized GO with poly

(lactide)–poly(ethylene glycol) (PLA–PEG) copolymers to increase its

stability in an aqueous solution. The drug‐release profile was affected

by the molecular weight of PLA or PEG in the copolymer and their

ratio in the composite, that is, a lower molecular weight and larger

ratio, resulting in a faster release. The loading of PTX onto the

composites induced marked cytotoxicity against A549 (human lung

cancer) cells, which increased with an increase in the incubation period

(Angelopoulou et al., 2015).

1.2.2 | Gene delivery

As for nonviral‐based gene therapy, graphene‐based nanomaterials

are recommended as appropriate candidates for gene delivery owing

to their considerable loading efficiency and excellent gene transfec-

tion ability (Goenka, Sant, & Sant, 2014). To mitigate their

cytotoxicity and achieve cationic surface features that facilitate their

electrostatic interaction with anionic oligonucleotides, graphene

derivatives must undergo functionalization by polymers, namely,

chitosan (F. Yang, Han, et al., 2014), polyamidoamine (PAMAM; X. Liu

et al., 2014), polyethylenimine (PEI; Teimouri, Nia, Abnous, Eshghi, &

Ramezani, 2016), and so forth. A stable nanovehicle was created out

of GO and PEI, a cationic polymer. Due to the presence of positive

charges, this complex can bind with pDNA for intracellular transfec-

tion of the EGFP gene. Its high expression led to high transfection

efficiency (Tian et al., 2011). Feng et al. (2011) evaluated

PEI‐functionalized GO for gene delivery at various molecular weights

of PEI. They reported notably low cytotoxicity of the complex and

high transfection efficiency, suggesting the successful utility of GO as

a new emerging nanoscaled vector for gene delivery (Feng et al.,

2011). An in vitro report applied polyethylenimine‐functionalized GO

to sequentially deliver Bcl‐2‐targeted siRNA and doxorubicin. The

findings were indicative of synergistic effects and ameliorated

chemotherapy efficacy (L. Zhang, Lu, et al., 2011). In a similar study,

PEG and PEI were covalently conjugated to GO by amide bonds. It

was found that the complex yielded high gene transfection efficiency

without serum interference, and decreased cytotoxicity. Use of a

low‐power NIR laser irradiation increased the cell membrane

permeability, and then increased cellular uptake. Additionally, under

this condition, this complex could deliver siRNA into cells and

downregulate the expression of polo‐like kinase 1. This study

introduced a new photocontrollable nanovector to be used for
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combined photothermal and gene therapies (Feng et al., 2013). With

a focus on targeted gene delivery, a carrier containing low‐molecular‐
weight branched polyethylenimine, reduced GO, and PEG was

utilized to form a stable complex with the considerable potential

for spatial and temporal site‐specific gene delivery of pDNA and

siRNA. Therefore, high gene transfection efficiency and no noted

toxicity were found in PC3 and NIH/3T3 cells exposed to this

nanocomposite. Irradiation by NIR showed efficient gene transfec-

tion owing to augmented heat‐induced endosomal escape of

polyplexes as well (Kim & Kim, 2014). Lactosylated chitosan

oligosaccharide‐functionalized GO was constructed for the targeted

delivery of doxorubicin and DNA sequences into human hepatic

carcinoma cells (QGY‐7703; Cao et al., 2015). The maximal loading

capacity of the drug and FAM‐DNA, respectively, reached 477 µg/mg

and 4mmol/g, and the complex was delivered to the specific site

(i.e., QGY‐7703) over half an hour. Furthermore, no significantly

obvious toxicity was detected even at a concentration of 100 μg/ml

(Cao et al., 2015). It was reported folate‐conjugated trimethyl

chitosan (FTMC)/GO nanocomplexes (FG NCs) using electrostatic

self‐assembly to realize both doxorubicin and pDNA (F. Yang, Han,

et al., 2014). HeLa cells presented marked accumulation of FG NCs

versus A549 cells due to the presence of folate receptors on their cell

surface. The loading capacity of doxorubicin reached 30.9%. Using

FTMC in FG NCs was shown to delay the migration of pDNA, but

facilitate pDNA condensation instead. It seemed that a third of pDNA

(31.1%) could be delivered over 72 hr in vitro in PBS, confirming the

efficiency of FG NCs as an instrumental candidate for both drug and

gene delivery (F. Yang, Han, et al., 2014). Graphene‐oleate‐PAMAM

dendrimer hybrids were produced through oleic acid adsorption,

followed by covalent linkage of PAMAM dendrimers to be used as

gene (pDNA of EGFP)‐delivery vectors (X. Liu et al., 2014). The

complex showed nearly desirable dispersity in aqueous solutions,

good biocompatibility with HeLa cells, and high gene transfection

capacity. However, it showed cytotoxicity in a mammalian cell

type‐ and dose‐dependent manner (i.e., killed MG‐63 cells at

concentrations >20mg/ml). It is noteworthy that the graphene‐
oleate‐PAMAM loaded with 25% of pEGFP‐N1 displayed a GFP gene

transfection efficiency of 18.3% to HeLa cells (X. Liu et al., 2014).

PAMAM dendrimer‐grafted gadolinium‐functionalized GO (H. W.

Yang, Huang, et al., 2014) and methoxyPEG GO/poly(2‐dimethyla-

minoethyl methacrylate) nanohybrids (Y. Sun et al., 2016) were

produced as carriers for RNA delivery with high gene transfection

efficiency and excellent biocompatibility. Teimouri et al. (2016)

created three distinct nanocarriers for gene delivery using GO in

conjugation with cationic polymers, such as PEI, polypropylenimine,

and PAMAM. The assessment of gene transfection efficiency by GFP

indicated that the PEI–GO conjugate was 9‐fold more effective on

the basis of the number of the EGFP‐transfected cells (Teimouri

et al., 2016). Moreover, Choi et al. (2016) created GO–PEI complexes

for the efficient generation of “footprint‐free” induced pluripotent

stem cells to avoid mRNA degradation. After the administration of

GO‐PEI/RNA complexes, the cells showed enhanced reprogramming

efficiency and well‐developed rat and human iPSCs from adult

adipose tissue‐derived fibroblasts, with no need for repetitive daily

transfection (Choi et al., 2016). More recently, nontoxic graphene

quantum dots were synthesized with two distinct (green and red)

emission colors (Ghafary, Nikkhah, Hatamie, & Hosseinkhani, 2017).

Thereafter, MPG‐2H1 chimeric peptide and pDNA were conjugated

using noncovalent interactions. This complex was found to have high

transfection efficiency and nontoxic features, suitable for both gene

delivery and nuclear targeting (Ghafary et al., 2017). Besides DNA,

proteins can be delivered by graphene‐based carriers for gene

therapy. An in vitro study by Shen et al. demonstrated that

PEGylated GO can act as a nanovector to accommodate multiple

different protein molecules through noncovalent interactions. They

functionalized GO with amine‐terminated 6‐armed PEG molecules.

Overall functionalized graphene‐based delivery systems showed

superior characteristics in many of the drug‐ and gene‐delivery
studies (Figure 2).

1.2.3 | Protein delivery

The findings indicated that mentioned complex was capable of

delivering proteins to the cytoplasm efficiently and overcoming

enzymatic hydrolysis. More importantly, the delivered protein

retained its function, thereby altering cell behaviors. As an example,

the experimental investigations on the transport of ribonuclease A

and protein kinase A were associated with cell death and growth.

Therefore, this graphitic protein delivery vector did not cause issues

of biocompatibility and enzymatic hydrolysis, but rather reserve its

biological activity (Shen et al., 2012). In this respect, La et al. (2013)

reported the loading of bone morphogenic protein‐2 (BMP‐2) onto
the GO‐coated Ti substrate with the outermost coating layer of

GO‐COO− (Ti/GO−) to promote the osteogenic differentiation of

human bone marrow‐derived mesenchymal stem cells, which

successfully enabled robust new bone formation with this Ti‐GO‐
BMP‐2 implant. Specifically, Li et al. (2016) documented the

intracellular protein vaccine delivery of GO nanosheet‐adsorbed
proteins, which appeared to be efficiently internalized by dendritic

cells and augmented antigen cross‐presentation to CD8 T cells.

1.2.4 | Cancer therapy

In common with CNTs, graphene and its derivatives also exhibit

significant optical absorbance in the NIR region, and accordingly, find

vast applications in photothermal conversion. In mouse models,

PEGylated nanographene sheets were found to have high tumor

uptake, almost low retention in reticuloendothelial systems (RES),

ultraefficient tumor ablation, and no marked adverse effect (K. Yang

et al., 2010). However, this potential may be associated with many

oxygen‐containing groups and surface defects. In further reports,

reduced GO led to 100% tumor elimination, and no death or side

effects. Indeed, the in vivo performance of graphene relies on both

size and surface chemistry. As can be seen in these reports, GO

derivatives can be modified to contain only one or multiple

therapeutic(s) (Feng et al., 2014; Kim, Lee, Kim, Kim, & Kim, 2013;
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H. W. Yang et al., 2013). This is more beneficial especially when there

are deep‐seated and metastatic tumors rarely exposed to the

irradiating light. In vitro and in vivo evidence has shown that

antibody‐conjugated PEGylated nano‐GO can carry epirubicin,

target tumor by epidermal growth factor receptor, and display

significant NIR absorbance (H. W. Yang et al., 2013).

1.2.5 | Bioimaging

As for fullerenes, there have been many studies suggesting graphene

and its derivatives as bioimaging contrast agents. This application is

developed based on their intrinsic optical features or the feasibility

to carry fluorescent probes or radionuclides (C. Chen & Wang, 2016;

X. Sun et al., 2008; K. Yang et al., 2010). In a study by K. Yang et al.

(2010), for instance, PEGylated GO was labeled with fluorescein

isothiocyanate and NIR fluorophores (i.e., Cy7) for imaging by in vitro

or in vivo labeling approaches. Moreover, F. Yang, Han, et al. (2014)

evaluated the in vivo biodistribution of PEGylated GO through the

signal of 125I. Also, in vivo PET imaging of PEGylated GO labeled with
64Cu was suggestive of the fact that GO with a tumor‐targeting
moiety (e.g., TRC105, a monoclonal antibody binding to CD105 as an

ideal marker for tumor angiogenesis) could strongly and specifically

move toward the tumor site (H. Hong, Yang, et al., 2012). In this

respect, a new protein‐based GO was constructed for use in

photoacoustic (PA) or ultrasonic dual‐modality imaging and PTT in

cancer (Sheng et al., 2013). Additionally, quantum‐dot‐tagged
reduced GO nanocomposites were revealed to have implications

for tumor imaging, PTT, and in situ monitoring of cancer treatment

(S. H. Hu, Chen, Hung, Chen, & Chen, 2012).

1.2.6 | Biosensors

More importantly, considering their peculiar physiochemical, optical,

and electrical characteristics, recent studies have focused on the

potential of graphene‐based biosensors (He et al., 2010; Tian et al.,

2011; Y. Wang et al., 2010). A complex containing GO and multicolor

fluorescent DNA nanoprobe was created to selectively detect targets

by applying functional DNA structures. The large hydrophobic

surface of graphene has a strong affinity to single‐stranded DNA

through a π–π interaction, which will decrease as double‐stranded
DNA is formed. This biosensor can recognize multiple targets at the

same time (He et al., 2010). Specifically, graphene is useful to

fabricate enzyme electrode or an ultrahigh‐efficient probe for the

recognition of different biomolecules (e.g., glucose, DNA; Y. Liu, Yu,

et al., 2010; L. A. L. Tang, Wang, & Loh, 2010). Coating substrates and

scaffolds with GO facilitate the adherence and proliferation of

various cell lines, improve the differentiation of mesenchymal stem

cells, and support the induced pluripotent stem cells (G. Y. Chen,

Pang, Hwang, Tuan, & Hu, 2012; W. C. Lee et al., 2011). Importantly,

graphene‐based nanomaterials have been proposed widely to be

efficient and powerful antibacterial agents even in multidrug‐
resistant pathogens. Indeed, different graphene structures have been

decorated with various nanoparticles, including titanium oxide,

Au nanoparticles, copper oxide, zinc oxide, and so forth, and also

other bioactive molecules (such as PEI, chitosan, dextran, and so on)

to synthesize new magic antibacterial complexes (Yousefi et al.,

2017). As an example, it was shown that employing vacuum filtration

to suspend GO yielded a paper‐like substrate with inhibitory effects

on the growth of Escherichia coli bacteria (W. Hu et al., 2010). The

underlying mechanism behind the antibacterial activity of graphene‐
based materials may involve graphene nanosheet‐induced disrup-

tions in the cell membrane and oxidation stress (S. Liu et al., 2011).

1.3 | CNTs

Initially discovered by Iijima in 1991, CNTs have been the main focus

of many scholars worldwide for their vast applications in drug

delivery, biomedical engineering, and cosmetic products (Chakrabar-

ti, Kiseleva, Vertegel, & Ray, 2015; Kayat, Mehra, Gajbhiye, & Jain,

2016). As is well documented, CNTs are ultralightweight materials

with unique tubular, hollow monolithic structures that confer them

with a high surface:aspect ratio (length/diameter) and multifunctional

surface chemistry, and thus efficient drug‐loading capacity. Besides

these, smart functionalized display notable biocompatibility, reduced

or lack of immunogenicity per se, and possess excellent photo-

luminescent activity, all of which potentiate their growing implica-

tions in the fields of drug delivery, tissue engineering, and imaging

(Figure 1; Brahmachari, Ghosh, Dutta, & Das, 2014; Lacerda et al.,

2012; N. K. Mehra & Jain, 2016; N. Mehra, Jain, & Jain, 2015a).

However, CNTs serve as an important niche in theranostic

nanomedicines (Marchesan & Prato, 2013); no CNT‐based therapeu-

tic product for internal use appears to be close to being introduced

onto the market. There are only two clinical trials in the literature

since 2011 that present CNTs as components of scanners for tumor

imaging (NCT02008032) and breath nanosensors for gastric cancer

(NCT01420588). Some major obstacles to the clinical development

of these nanomaterials must be resolved first, including their

probable toxicities, their pharmacokinetics and biodegradation and/

or excretion, and their effects on the proteome and genome. Previous

studies have reported in detail the toxicity routes and mechanisms of

CNTs and, notably, the fact that long fibrous CNTs are responsible

for inflammation and oxidative stress. There is consensus that

factors, including the synthesis technique of CNTs, residual catalysts,

size of CNTs, individualized or bundled state, type of surface

functionalization, administration route, and dose, generally influence

toxicity (Ali‐Boucetta & Kostarelos, 2013). Optimization of the above

factors with novel techniques was very effective to decrease

undesirable effects on tolerable biologic states (Ahmadi et al.,

2017; Lacerda et al., 2008). Therefore, currently, many studies are

focusing on transforming these valuable nanoparticles into safe

biomaterials and clarifying more details of clinical developments (Ali‐
Boucetta & Kostarelos, 2013; M. Chen, Qin, & Zeng, 2017; Kotchey,

Zhao, Kagan, & Star, 2013; Saito et al., 2014; Yousefi et al., 2017).

It is well known that CNTs can be available as single‐walled (SW),

double‐walled (DW), or multiwalled (MW) nanotubes with diameters

from less than 1 nm up to 100 nm and lengths from a few hundred
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nanometers to several microns (N. Mehra & Jain, 2014; N. K. Mehra,

Jain, & Jain, 2015b; N. K. Mehra, Mishra, & Jain, 2014). To attach

various biomolecules, the surface of nanocarriers undergoes functio-

nalization (Figure 2). Modified CNTs can deliver both lipophilic

(e.g., PTX; Sobhani, Dinarvand, Atyabi, Ghahremani, & Adeli, 2011)

and hydrophilic drugs (e.g., doxorubicin hydrochloride; Anbarasan,

Babu, Elango, Shriya, & Ramaprabhu, 2015; Ji et al., 2012; Pereira

et al., 2015; M. Zhou et al., 2015). It has been indicated that CNTs

can easily cross a variety of biological barriers and pass through the

membrane into the cytoplasm. (Chakrabarti et al., 2015; Lacerda

et al., 2012; Sobhani et al., 2011) Various energy‐dependent routes,
such as endocytosis, macropynocytosis and phagocytosis, and also

energy‐independent routes, namely, simple penetration through the

membrane have been proposed for their significant capability to

deliver cargos into cells (Figure 2). It must be noted that the nature of

functionalization and the type of crystal lattices of these materials

could significantly influence the entry route and final degradation or

excretion from cells and these factors must be taken into account to

evaluate their actions (Elgrabli et al., 2008; Marangon et al., 2012;

Raffa, Ciofani, Vittorio, Riggio, & Cuschieri, 2010). In the following,

more details are delineated considering both in vitro and in vivo

studies.

1.4 | Single‐wall carbon nanotubes (SWCNTs)

Given that SWCNTs have photoluminescent properties and high

optical/INR absorbance, bioimaging and tumor therapy are consid-

ered as their major applications, respectively. Moreover, the

exceptionally strong resonance Raman scattering feature of SWCNTs

enables their uses as Raman probes for specific recognition and

multiplexed imaging (Gong, Peng, & Liu, 2013). The ability of

SWCNTs to cross the cell membrane arises from their varied surface

chemistry and sizes, and involves either energy‐independent diffu-

sion/penetration or an energy‐dependent endocytosis pathway

(Foillard, Zuber, & Doris, 2011; Kam & Dai, 2005; Kostarelos et al.,

2007). Taking advantage of this surface chemistry composed of

surface‐exposed atoms and delocalized π‐conjugated electrons,

aromatic drugs, proteins, and DNA can be loaded through hydro-

phobic and π–π stacking interactions (Z. Liu, Fan, et al., 2009; Z. Liu,

Sun, Nakayama‐Ratchford, & Dai, 2007). Additionally, SWCNTs can

carry small drug molecules and biomacromolecules through forming

some chemical bonds (e.g., ester bond, double sulfide bond), which

provide desirable stimuli‐responsive release profiles that could be

useful in cancer treatments (Kam, Liu, & Dai, 2005; Z. Liu, Chen,

et al., 2008).

1.4.1 | Anticancer drugs delivery

Doxorubicin was successfully loaded onto the surface of SWCNTs

modified with phospholipid‐PEG at ultrahigh loading capacity. The release

profile of the drug depends on pH (Z. Liu, Sun, et al., 2007). Moreover, it

was shown that the PEGylated SWCNTs containing doxorubicin caused

less toxicity in mouse tissues (Z. Liu, Fan, et al., 2009). Another study

unraveled that PTX could be effectively conjugated to the chains of PEG

molecules on SWCNTs through cleavable ester bonds. The results

showed the higher superiority of the complex in selectively inhibiting

tumor growth than clinical Taxol in a murine 4T1 breast cancer model.

This effectiveness was related to the high drug uptake and long blood

circulation (Z. Liu, Chen, et al., 2008). Besides, functionalized SWCNTs

can be a carrier for low‐molecular‐weight platinum anticancer drugs,

which exhibit short blood circulation, low tumor uptake, and decreased

intracellular DNA binding. In so doing, Dhar, Liu, Thomale, Dai, and

Lippard (2008) developed a platinum (IV)‐based complex consisting of a

folate derivative and amine‐functionalized SWCNT. In fact, both the

targeting and the delivery moieties were loaded on the same carrier.

Accordingly, the SWCNTs specifically deliver the prodrug to the cells

with the positive folate receptor. Upon reduction of the prodrug to

cisplatin, adducts are formed after the reaction between the nuclear DNA

and cisplatin. More recently, X. Liu, Xu, Liao, Fang, and Guo (2018) used a

novel carrier consisting of hydroxypropyl‐β‐cyclodextrin (HP‐β‐CD)‐
modified carboxylated SWCNTs (CD‐SWCNTs) to deliver formononetin

(FMN) as a model anticancer drug. The drug was loaded to CD‐SWCNTs

with an entrapment efficiency and a loading capacity of 88.66% and

8.43%, respectively. Biological results indicated the stronger toxicity of

CD‐SWCNTs‐FMN than free FMN. It is noteworthy that the drug

showed a pH‐responsive release profile so that pH 7.4 yielded a higher

release rate than pH 5.3 (X. Liu et al., 2018).

1.4.2 | Protein or gene delivery

Another area of interest is the intracellular translocation of

biomacromolecules, such as proteins and nucleic acids, due to their

high involvement in the treatment of many diseases (Bartholomeusz

et al., 2009; Oh & Park, 2009). Thus, nanovehicles with the capability

of promoting cellular uptake and protecting them from enzyme

digestion have drawn considerable attention. Considering the role of

CNTs as efficient intracellular shuttles, they are shown to be good

candidates for the intracellular delivery of such biomacromolecules

(Kam, Liu, & Dai, 2006). Early investigations have focused on the

usability of functionalized CNTs for proteins and found this event

feasible through specific or nonspecific manners (B. Chen, Liu, et al.,

2011; Kam et al., 2006). Nonetheless, it was documented that those

proteins powerfully under the effect of endocytosis when loaded

onto CNTs without endosome‐disrupting ability would hardly escape

from endosomes, which further confines the application of CNTs to

protein delivery. As for PTT, it is well documented that the mild

photothermal effect has several advantages; the efficient enhance-

ment of the intracellular delivery and lysosomal escape of various

molecules are noteworthy. Accordingly, it is of paramount impor-

tance to combine photothermal heating with other chemo, photo-

dynamic, or gene therapies of cancers (Feng et al., 2013; Kim & Kim,

2014; Tian et al., 2011). In light of their peculiar quasi‐one‐
dimensional structure, CNTs display strong optical absorbance in

the NIR region and are thus finding applications in photothermal

conversion (Gong et al., 2013). An in vitro study developed a complex

based on PEGylated SWCNTs functionalized with a folate moiety.
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It was reported that this novel nanovehicle could efficiently ablate

tumor cells employing an 808‐nm laser radiations at 2W/cm.

Although harmless to normal cells, the transporting capability of

SWCNTs can be an alternative to endocytosis to trigger cell death

only in cancerous cells (Kam, O'Connell, Wisdom, & Dai, 2005).

In another attempt, gold nanoparticles were used to modify

DNA‐functionalized SWNTs. The resultant nanocomposites were

stable under physiological conditions, possessed surface‐enhanced
Raman scattering influence, and showed considerably marked

capacity for killing cancer cells.

Numerous studies have suggested that SWCNTs offer a unique

platform for the delivery of biologically active siRNA into cells

(Bartholomeusz et al., 2009; H. Chen, Ma, et al., 2012 ; Ladeira et al.,

2010; T. Wang, Upponi, et al., 2012). Earlier studies applying

SWCNT‐mediated siRNA delivery mainly dealt with silencing genes

that culminated in inhibition of the cancerous cell growth. The in

vitro study by Kam, Liu, et al., (2005) is noteworthy for the

development of smart nanomaterials based on PEGylated SWCNTs

to transport DNA and siRNA by using a cleavable double sulfide

bond. This study reported the efficient transportation of siRNA into

cells and specific downregulation of the targeted lamin A/C protein.

However, other therapeutic potentials of SWCNTs have been

documented to transfect difficult cell types; in other words,

siRNA‐conjugated SWCNTs could even effectively target a number

of hard‐to‐transfect cell lines (Reischl & Zimmer, 2009), such as

skeletal muscle cells, human T cells, and peripheral blood mono-

nuclear cells (Ladeira et al., 2010; Z. Liu, Winters, Holodniy, &

Dai, 2007), on which other existing nonviral transfection agents (e.g.,

lipofectamine2000) failed to have an RNA interference effect (Z. Liu,

Winters, et al., 2007). Moreover, the cellular uptake of siRNA by

SWCNTs has been shown to rely on functionalization as well as PEG

chain length (Z. Liu, Winters, et al., 2007). Carboxylated‐SWCNT was

synthesized by Ladeira et al. (2010) for delivering siRNA. It

was reported that the SWCNTs‐siRNA presented nonspecific toxicity

along with a transfection efficiency of more than 95%. This system

can deliver siRNA into various cells, hard‐to‐transfect cells

(e.g., neuronal cells and cardiomyocytes), and a nonmetastatic human

hepatocellular carcinoma cell line (SKHep1; Ladeira et al., 2010).

Since using covalent functionalization in CNT‐based gene delivery

systems diminishes the DNA‐loading capacity of the carrier, L. Wang

et al. (2013) developed a special carrier, whereby both gene therapy

and PTT were integrated. SWCNTs were functionalized with PEI, and

subsequently attached by DSPE‐PEG2000‐Maleimide to the

tumor‐targeting NGR (Cys‐Asn‐Gly‐Arg‐Cys‐) peptide. The complex

(SWNT‐PEI/NGR/siRNA) can cross the membrane, activate apopto-

sis, and inhibit cellular growth. No marked toxicity was observed in

the complex‐injected mice. Bartholomeusz et al. (2009) applied

pristine SWNTs for the purpose of delivering siRNA sequences to

cause cell death of a number of cancer cell lines. In an in vitro study,

delivery of siRNA via surface‐modified SWNTs into the breast

carcinoma B‐Cap‐37 cells was performed (H. Chen, Ma, et al., 2012).

X. Wang, Ren, and Qu (2008) reported the same findings in chronic

myelogenous leukemia K562 cells with downregulation of cyclin A2

mRNA. Recently, Y. P. Huang et al. (2013) demonstrated that

PEI‐decorated CNT enhanced the positive charge on the surface of

SWNTs and MWNTs, which facilitated the self‐assembly of the

negatively charged siRNA molecules through electrostatic interac-

tions and delivered siRNAs into HeLa‐S3 cells, as indicated by the

knockdown of the mRNA level of GAPDH. However, Behnam, Shier,

Nia, Abnous, and Ramezani (2013) reported that noncovalent

functionalization of SWNTs with PEI through different linker sizes

could also promote the transfection efficiency of PEI 1.8 kDa up to

19 fold. The PEI derivatives attached to SWCNTs were capable of

fully condensing pDNA at low nitrogen to phosphate ratios and

notable buffering capacity in the endosomal pH range of 5–7, and

they have low toxicity. Moreover, in vivo results showed that

synthesized vectors, especially those with a DSPE‐PEG2000 linker,

were effective in expressing the GFP gene in the brain, kidney,

and lung (Behnam et al., 2013). In a similar study evaluating the

importance of the linker size, PEI was attached through covalent

bonds to three different linkers and again parallel results showed

that the transfection activity of small PEIs (1.8 kDa) increased up to

190 fold (Nia et al., 2017). Chemically modified PEI was found to

have lowering effects on toxicity. Kong et al. (2016) indicated that

PEI‐cholesterol (Chol) could noncovalently attach to SWNTs, which,

in turn, improved gene delivery and decreased the toxicity as

opposed to unmodified PEI. This novel PEI‐Chol‐SWNT (PCS) carrier

also exhibited photothermal features that were created to increase

DNA release after exposure to NIR. Indeed, under photothermal

irradiation, the transfection with pEGFP and apoptosis increased in

human cervix adenocarcinoma (HeLa) cells, and the antitumor effects

in MCF‐7 cells were augmented in relation to the use of the PCS

complex along with NIR irradiation (Kong et al., 2016). Succinated

PEI (PEI‐SA) was used by Siu et al. (2014) to noncovalently decorate

SWNTs for the topical delivery of siRNA in a C57BL/6 mice

melanoma model. They showed that PEI‐SA/CNT/siRNA could

mitigate tumor growth in C57bl/6 mice and cause gene (Braf)

silencing, which is a proto‐oncogene encoding the protein B‐Raf in
B16‐F10 melanoma cells. These beneficial effects were achieved over

a 25‐day period (Siu et al., 2014).

1.4.3 | Cancer therapy

The gold shell on PEGylated SWCNTs conjugated to folic acid is a

promising strategy with utility as an optical theranostic probe for

cancer imaging and therapy (X. Wang, Wang, Cheng, Lee, & Liu,

2012). Due to the presence of deep‐set and metastatic tumors, the

recent focus has shifted from intratumoral injections to photother-

mal agents for systemic administration. For instance, it was

demonstrated that PEGylated SWCNTs had prolonged blood

circulation half‐lives (around 12 hr) and significant tumor uptake

through the enhanced permeability and retention effect, while

presenting low accumulation in the RES organs (e.g., the liver and

spleen), and the skin. The destruction of tumors occurred through

excitation with an 808‐nm laser at 2W/cm for 5min (Y. Yang, Jia, &

Liu, 2012). Besides, in vitro and in vivo evidence has indicated that
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SWCNTs functionalized by PEGylated phospholipids could simulta-

neously function as photoluminescent agents, and NIR absorbers and

heaters at the lowest injection dosage (SWCNT/mouse: 3.6 mg/kg)

and at an irradiation power density of 0.6W/cm2 (Robinson et al.,

2010). It was reported that PEGylated SWCNTs could successfully

move from the primary tumor to the nearby sentinel lymph nodes

as shown by the intrinsic NIR‐II fluorescence of SWCNT. The

SWCNT‐induced photothermal ablation drastically affected both the

primary tumor and the metastatic cancer cells. Indeed, this complex

not only promoted the survival rate in animal models, but also

impeded pulmonary metastasis (C. Liang et al., 2014). The popularity

of combined therapies is on the rise owing to the synergistic impacts

on tumors, lower administration dosages, and decreased drug‐
induced adverse effects in relation to those strategies implemented

separately (L. Cheng, Wang, Feng, Yang, & Liu, 2014). In this respect,

CNTs have shown the potential to transport drug and treat tumors at

lower drug concentrations compared with the free drug ones.

Nevertheless, some have voiced concern about the marked RES

accumulation of CNT‐based complexes, which, in turn, causes severe

undesirable effects in these normal organs. To overcome this issue, it

is suggested to associate drug vehicles with the targeting moieties

and combine several therapeutic modalities together. With the

purpose of treating cancer with imaging‐guided combination therapy,

a novel theranostics was constructed using PEG, mesoporous silica,

and SWCNTs. Doxorubicin was subsequently loaded into the

mesoporous structure. Under INR stimulation, the drug was released

and accumulated in the targeted site as revealed in magnetic

resonance or PA dual‐mode imaging (J. Liu et al., 2015).

Further study was performed using another delivery system

containing PEGylated SWCNTs, aiming at stimulating tumor‐
associated antigens under laser irradiation. The results showed a

strong immune response in mice, which occurred subsequent to the

enhanced maturation of dendritic cells and production of antitumor

cytokines. Integrating this treatment effect with anti‐cytotoxic
T‐lymphocyte‐associated protein four antibody therapy led to the

efficient inhibition of the distant subcutaneous tumor model and a

lung metastasis model. Therefore, SWCNTs can be potent to combine

PTT and immunotherapy (C. Wang et al., 2014). The other possibility

related to the quasi‐1D quantum wire‐like structure of SWCNTs is

their potential usefulness in fluorescence, Raman, and PA imaging,

which denote their unique optical features, namely, NIR fluorescence,

resonance Raman scattering, and high NIR absorbance (Gong et al.,

2013). Furthermore, the presence of metal catalysts (e.g., Fe, Co) in

the structure of CNTs makes them an excellent alternative for

T2‐weighted MRI (C. Wang, Ma, et al., 2012). Moreover, with the

addition of external labels, including radioisotopes to their surface,

CNTs have been shown to act as versatile probes for multiple

imaging modalities (McDevitt et al., 2007). Considering their intrinsic

physical characteristics, excitation at 550–850 nm provides semi-

conducting SWCNTs a capacity to emit NIR‐II (900–1,600 nm)

fluorescence and also an ultrahigh sensitivity due to the significantly

decreased autofluorescence of biological tissues throughout imaging

(Z. Liu, Tabakman, Welsher, & Dai, 2009). It is well documented that

NIR‐II imaging based on the PEGylated SWCNTs and principal

component analysis can efficiently discern organs, recognize tumors,

and highlight blood vessels at high resolution in reference to the

commercial NIR‐I dye (IRDye800) and micro‐CT (G. Hong, Lee, et al.,

2012; Robinson et al., 2012; Welsher et al., 2009; Welsher, Sherlock,

& Dai, 2011). This strategy was found to be helpful to pinpoint

metastatic cancer cells in the sentinel lymph nodes near the primary

tumor, and then precisely remove them by means of PTT (C. Liang

et al., 2014).

1.4.4 | Bioimaging

On the other hand, SWCNTs exhibit various Raman peaks, such as

the radical breathing mode (100–300 cm−1) and the tangential

G band (∼1,580 cm−1), which are utilized in Raman imaging (Gong

et al., 2013). The application of SWCNTs as Raman probes has been

addressed in pertained literature. For example, isotopically modified

SWCNTs conjugated with various targeting moieties have enabled

multiplexed Raman imaging of cancer cells (e.g., LS174T colon cancer

cells, BT474 breast cancer cells; Z. Liu, Tabakman, et al., 2010;

Sun et al., 2008). The incorporation of different noble metal

nanoparticles (e.g., Au nanoparticles, Ag nanoparticles) can improve

the Raman signals of SWCNTs over 20 times in the solution phase

with the surface‐enhanced Raman scattering effect (X. Wang, Wang,

et al., 2012). Of all hybrid bioimaging modalities, PA imaging as a new

technique is based on the PA effect, where, under a laser pulse, heat

is produced in biological tissues with light‐absorbing endogenous

molecules or contrast agents. Thereafter, transient thermoelastic

expansion occurs, followed by wideband ultrasonic emission that is

finally detected by ultrasonic transducers to generate 2D or 3D

images (M. Xu & Wang, 2006). Contrast agents that demonstrate

strong optical absorbance and possess marked photothermal

conversion capability can improve the quality of PA imaging.

Therefore, SWCNTs have garnered considerable attention in recent

years (De La Zerda et al., 2008; Zerda et al., 2010). Besides these,

functionalized SWCNTs were investigated for the labeling of

mesenchymal stem cells, in vivo behavior of which could be recorded

by MRI (C. Wang, Ma, et al., 2012). The decoration of SWCNTs with

different radioisotopes potentiates nuclear imaging, such as micro‐
SPECT imaging and PET (Z. Liu, Cai, et al., 2007; McDevitt et al.,

2007). In addition to the aforementioned applications in treatment

strategies or bioimaging techniques, SWCNTs have been studied

intensively for utility in various biosensors based on their peculiar

optical properties (Bentzen, 2006; Z. Liu, Chen, et al., 2008; Z. Liu,

Tabakman, et al., 2010; J. Wang, 2005).

1.5 | Double‐wall carbon nanotubes (DWCNTs)

DWCNTs with two coaxially aligned SWCNTs exhibit most of the

notable features of SWCNTs (Iijima et al., 1999; Zhu & Xu, 2010).

However, the presence of a second wall makes them more complex in

terms of physical and electronic properties (Isobe, Tanaka, et al.,

2006). The unique concentric structure of DWCNTs provides an
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opportunity to integrate the chemical reactivity of the outer wall

with the excellent conductance of the undecorated inner wall at the

same time in an attempt to develop DWCNT‐based sensors.

Chemical reactions only affect the outer wall and functionalize it

with targeting moieties (F. Yang, Han, et al., 2014; C. Zhao et al.,

2013). Indeed, the outer wall serves as a shielding and protects the

inner wall from the drawbacks caused by functionalization, including

weakened conductivity owing to the degradation of the pristine sp2

hybridized framework (C. Zhao, Wu, Ju, & Yan, 2014). Despite the

excellent potential of DWCNTs, they have not been used extensively

due to the absence of a method to produce a pure, electronically

well‐defined raw material. Although there have been multiple

synthesis methods, namely, arc discharge (K. Wu et al., 2012),

peapod growth (Moore, Flavel, Ellis, & Shapter, 2011), and catalytic

chemical vapor deposition (CVD; Punbusayakul, Talapatra, Ajayan, &

Surareungchai, 2013), which can enable the development of high‐
purity DWCNTs up to 90% (Ojeda et al., 2015), many contaminants

(e.g., SWCNTs, MWCNTs, residual catalyst, amorphous carbon,

fullerenes) are found during the process. The extant purification

methods can remove such contaminants to some extent, and

promote the final purity of DWCNTs; however, some issues, such

as the intrinsic dispersion of DWCNT lengths and diameters, as well

as electronic combination of inner@outer tube, still remain (Pilehvar

& De Wael, 2015; Pumera, 2007). In terms of the biomedical

application of DWCNTs, various studies have shown their utility for

biosensors, drug carriers, or biocatalysts. For example, biologically

and optically active protein‐coated DWCNTs were constructed with

good water solubility. Here, protein, particularly the mussel protein

3,4‐dihydroxy‐L‐phenylalanin, acts as both biofunctionalization and

individualization agents to overcome the insolubility and poor

biocompatibility of DWCNTs (Jung et al., 2011). It is noteworthy

that DWCNTs are the best choice for such a case, especially when

considering the optical inability of SWCNTs after the protein

attachment due to covalent functionalization (Park, Zhao, &

Lu, 2006; Strano et al., 2003). This study obtained a uniform,

transparent, protein‐coated‐DWCNT suspension after a series of

processes, including rigorous covalent decoration with carboxyl

moieties, attachment of the mussel protein via peptide bonds, and

further ultracentrifugation. Photoluminescence spectroscopy showed

that a number of nanotube walls possessed optical activity that might

be ascribed to the inner walls. Conversely, S. Yang, Parks, Saba,

Ferguson, and Liu (2011b) reported conflicting evidence that very

few inner walls displayed fluorescence because of complete quench-

ing in DWCNTs. It was observed that the treatment with hydrogen

peroxide to attach carboxyl groups would make the SWCNTs

optically inactive; thus, the resultant photoluminescence could only

arise from the inner walls (Jung et al., 2011). Apart from the

controversy in respect to the origin of the detected photolumines-

cence, it was also found that when converted into thin films, the

protein‐coated DWCNTs still presented electrical conductivity (Jung

et al., 2011). Hence, protein coating of DWCNTs provides a new

window of opportunity to exploit the maintained optical and Raman

activity of the inner walls, plus the electronic functionality

(Moore, Tune, & Flavel, 2015). Additionally, DWCNTs have some

uses in electrochemical immunosensors. To detect one of the most

dangerous bacteria involved in various disease outbreaks, a label‐free
DWCNT‐based immunosensor was constructed for Salmonella typhi-

murium. The specific anti‐Salmonella monoclonal antibody was

covalently impregnated into the complex. Chronoamperometry

findings showed that the sensor can specifically recognize

S. typhimurium cells and the detection limit was 8.9 CFU/ml

(Punbusayakul et al., 2013). Moreover, an electrochemical immuno-

sensor was explored for adiponectin cytokine by means of screen‐
printed carbon electrodes treated with functionalized DWCNTs

(i.e., 4‐carboxyphenyl‐DWCNTs) to immobilize the specific antibo-

dies. The DWCNT‐based complex consisted of anti‐adiponectin-
bound by the metallic complex chelating polymer. Under the

optimized conditions, a linear range between 0.05 and 10.0 mg/ml,

along with a detection limit of 14.5 ng/ml, was found for real samples.

In relation to SWCNT‐based immunosensor, the outcome measure

was associated with greater analytical readouts as well as a

considerably better sensitivity as DWCNTs/SPCEs were applied,

suggesting the increased electrochemical transduction behavior of

DWCNTs (Ojeda et al., 2015). Currently, there have been few studies

focusing on the abilities of DWCNTs to deliver siRNAs. Only one

report is available that prepared functionalized DWCNTs using the

catalytic CVD technique as a carrier for siRNA. Indeed, DWCNTs

underwent oxidation, followed by coating with poly(Lys:Phe) and

conjugating to thiol‐modified siRNA. The DWCNTs caused no

obvious biochemical perturbations in cells. The loading of the

nanotubes with the survivin gene exerted apoptotic effects on

prostate cancer PC3 cells (Neves et al., 2012).

1.6 | Multi wall carbon nanotubes (MWCNTs)

This class of CNTs are described as nested, cylindrical graphene

structures with varying diameters in the range of nanometers and

lengths of a few micrometers (Burke et al., 2009).

1.6.1 | Cancer treatment

Similar to SWCNTs, they are good candidates for anticancer therapy

via noninvasive PTT (Bianco, Kostarelos, & Prato, 2008; M. Zhang

et al., 2008). Indeed, MWCNTs show marked vibrational energy

when subjected to NIR (X. Sun, Yu, Xu, Hor, & Ji, 1998; Torti et al.,

2007). This released energy within a tissue results in the production

of localized heating with considerable tumor treatment effect. Given

that biological tissues are highly deficient in chromophores with NIR

absorbance, no direct access to the tumor site is required to treat

cancerous lesions. Although these features are not exclusive to

MWCNTs, other nanomaterials have some of these features in

common (Hirsch et al., 2006). They are highly efficient dipole

antennae with broad absorption spectra in relation to the specific

resonance absorptions of SWCNTs and nanoshells, which confer

them with an ability amenable to NIR stimulation (Hirsch et al., 2006;

Kam, O'Connell, et al., 2005). Moreover, MWCNTs were shown to
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notably absorb more NIR radiation than SWCNTs due to the higher

content of electrons for absorption per particle and also per weight,

as well as more metallic properties, considering that only one‐third of

SWCNTs act as metallic tubes (Endo, Iijima, & Dresselhaus, 1996).

This is more likely to decrease the amount of NIR radiation required

to access deep‐seated cancers, thus causing less impairments to

dermal layers. In this respect, in vitro and in vivo evidence indicated

that MWCNTs can be useful in the treatment of kidney cancer

through PTT at low laser powers (3W/cm2), very short treatment

times (30 s), and no unmanageable toxicity. As many as 100 μg of

MWCNTs with NIR could lead to improvements in 80% of mice

(Burke et al., 2009). Additionally, a new complex was developed as

DNA‐encased MWNTs for hyperthermia applications under NIR

irradiation. It was reported that DNA encasement reduced the

concentration of MWCNTs by three folds for a 10°C increase

in temperature. Indeed, administration of MWCNTs at 100 μl of

500 μg/ml upon laser irradiation with 2.5W/cm2 destroyed 100% of

malignant tumors in all nude mice. No notable damage was observed

in normal tissues (Ghosh et al., 2009).

1.6.2 | Anticancer and other drugs delivery

As for the use of MWCNTs for drug‐delivery systems, W. Wu et al.

(2009) constructed an MWCNT‐based nanocarrier to transport the

antitumor agent 10‐hydroxycamptothecin. To attach the drug, the

MWCNT surface was initially decorated with enrichment of

carboxylic groups and then covalently bound to hydrophilic diamino-

triethylene glycol, where a cleavable ester linkage was used to

conjugate the drug. The findings after the injection of 99mTc‐labeled
MWCNT‐10‐hydroxycamptothecin into subcutaneous hepatic H22

tumor‐bearing mice demonstrated that the complex had almost long

blood circulation and high drug uptake in the tumor site (W. Wu

et al., 2009). Specifically, MWCNTs can be a drug carrier via

noncovalent interactions. A complex of doxorubicin, triblock copo-

lymer (Pluronic F127), and MWCNTs was documented by

Ali‐Boucetta et al. (2008) for cancer therapy. This study proved that

the doxorubicin–MWCNTs complex caused higher cytotoxic activity

than both doxorubicin alone and doxorubicin–pluronic complexes.

Epirubicin (EPI), a highly efficient anthracycline used as an anticancer

drug, is reported to induce cardiac toxicity as well as severe bone

marrow suppression, impairing hematopoiesis. Z. Chen, Liu, et al.,

(2011) demonstrated that the use of CNTs as a drug‐delivery system

for EPI modified its biodistribution and promoted its effective dose in

the tumor. CNTs developed a supramolecular structure with EPI via

π–π stacking interactions. Moreover, treatment of MWCNTs with

acid (c‐MWCNTs) increased EPI loading efficiency due to the high

surface area and hydrogen bonding. The level of EPI release from

c‐MWCNTs was 1.5‐fold greater at low pHs than that in the neutral

medium. More recently, Hindumathi, Jagannatham, Haridoss, and

Sharma (2018) synthesized a novel carrier for curcumin against brain

cancer cells in C6 glioma. Vortex mixing was used to break MWCNTs

in PEG‐400 into small tubes. After differential centrifugation,

cocoon‐like oval nanoparticles were produced with a size range of

100–200 nm. These nanoparticles appeared to be hemo‐compatible,

nontoxic to mice fibroblast cell lines (L929), and aqueous soluble. The

last feature made these nanoparticles the best candidates for

anticancer drugs with poor bioavailability, including curcumin. In

vitro findings indicated that the cocoon–curcumin complex could

enter C6 glioma cells (Hindumathi et al., 2018). Mazzaglia et al.

(2018) documented an efficient double‐covalent functionalization of

MWCNTs through attaching hydrophilic units of cyclodextrins and

branched PEIs. Cyclodextrins (CDs) and PEI were grafted to

MWCNTs using click and coupling reactions, respectively. The

MWCNT‐CD‐PEI was then doped with Rhodamine (Rhod) that is

MWCNT‐CD‐PEI‐Rhod and studied to deliver the broad‐spectrum
antiviral agent Cidofovir (Cid) as a model drug. It was found that

Herpes simplex virus 1 (HSV1) replication was inhibited without

considerable cytotoxicity. Vero cells achieved the uptake of the

MWCNT‐CD‐PEI‐Rhod nanoplatform by the clathrin‐dependent
pathway, which colocalized in the lysosomal compartment. This

system can be extended to deliver nucleic acids.

1.6.3 | Tissue engineering and gene delivery

Another study focused on a scaffold with a microchannel porous

structure containing MWCNT and chitosan. It was shown that this

scaffold had a biocompatible and biodegradable nature suitable for

tissue‐engineering purposes. Moreover, it could enhance the ectopic

bone formation in muscle tissue, and provide a favorable condition for

cell colonization and tissue growth (Abarrategi et al., 2008). In terms of

gene delivery, many scholars have developed different MWCNT‐based
nonviral delivery vectors for siRNA and miRNA molecules. For

example, Al‐Jamal et al. (2011) fabricated functionalized MWCNTs

by introducing an ammonium group to stereotactically deliver

anti‐caspase‐3 siRNA into the Central Nervous System (CNS). Animal

studies indicated that effective delivery of siRNA directly to the CNS

recovered phenotypes of several neurological diseases. The adminis-

tration of the complex decreased neurodegeneration and increased

functional preservation before and after focal ischemic damage of the

rodent motor cortex through an endothelin‐1 induced stroke model.

This is the first study presenting the delivery of siRNA into the CNS by

means of CNTs that exerted biological and functional (motor recovery)

influences in an animal model of stroke caused by endothelin‐1. Hence,

this system can be considered an efficacious carrier for siRNA

molecules involved in neurological disorders and can induce

functional recovery (Al‐Jamal et al., 2011). Functionalized MWCNTs

with different dendrons bearing positive charges at their termini (i.e.,

ammonium or guanidinium groups) were all documented to be potent

carriers for siRNA delivery with good cellular uptake, low cytotoxicity,

and efficient gene‐silencing activity in A549 and HeLa cells (Battigelli

et al., 2013). An in vivo xenograft model of human lung cancer was

studied by Podesta et al. (2009) upon treatment with siRNA sequences

delivered by either cationic liposomes or amino‐functionalized
MWCNTs. It was observed that only an intratumoral administration

of MWCNT– NH‐mediated delivery of siRNA could lead to biologically

active siTOX (a cytotoxicity‐inducing siRNA sequence), thereby
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retarding tumor growth and enhancing the survival of xenograft‐
bearing animals. Therefore, functionalized MWCNTs have the

potential to directly deliver siRNAs into the cytoplasm of target cells,

and accomplish effective therapeutic silencing if local delivery seems

rational (Podesta et al., 2009). Varkouhi et al. (2011) demonstrated

that MWCNTs with cationic functionalization (CNT–PEI and

CNT–pyridinium) can be a suitable carrier for siRNA delivery. These

MWCNT‐based complexes showed 10–60% cytotoxicity in the human

lung cancer cell line H1299 and 10–30% silencing activity.

Nonetheless, neither functionalized CNTs revealed any added benefit

with respect to elevated silencing activity and decreased cytotoxicity

of siRNAs (Varkouhi et al., 2011). As for miRNA delivery, there is little

knowledge of the potential feasibility of CNTs for delivering miRNA

sequences to reach its intracellular target. The relevant literature

reveals only one report describing the application of “unzipped”

MWCNTs as nonviral miRNA‐delivery systems (Dong, Ding, Yan, Ji, &

Ju, 2011). Dong et al. (2011) synthesized a carrier using a PEI‐grafted
graphene nano‐ribbon (PEI‐g‐GNR). Its backbone (GNR) was produced

by longitudinally unzipping MWCNTs. Their results showed the ability

of this nanovector to effectively transfer a gene probe into HeLa cells.

The transfer process was evaluated for the specific recognition of

“locked nucleic acid molecular beacons” (LNA‐m‐MB) using miRNA in

the cytoplasm that culminated in their hybridization as well as

induction of a strong fluorescent signal, which arose from the

separation of the fluorescent dye from the quencher attached to the

LNA‐m‐MB. Additionally, the PEI‐g‐GNR nanocarrier showed little

cytotoxicity and played a protective role in the LNA‐m‐MB against

nuclease digestion or single‐stranded DNA‐binding protein interaction.

The transfection mechanism included a proton‐sponge effect related

to PEI, which increased the transfection efficiency of the LNA‐m‐MB

by endosomolysis, and facilitated the sensitive detection of the

recognized target miRNA. X. Liu et al. (2013) covalently modified

MWCNTs using chitosan‐folic acid nanoparticles to deliver pDNA. It

was observed that shorter MWCNTs led to higher transfection

efficiency, but on the other hand, caused a higher cytotoxicity as well.

(X. Liu et al., 2013). Geyik, Evran, Timur, and Telefoncu (2014)

constructed covalently carboxylated MWCNTs to deliver a linearized

plasmid. Before the formation of the complex including both the

biomolecule and functionalized MWCNTs, amino groups were

introduced onto the pDNA (mpDNA). The final active bioconjugate

could be applied to transform E. coli with higher transformation

efficiency, thus providing a potential alternative to electroporation or

heat shock‐induced transformation. Jain, Thanki, Pandi, and Kushwah

(2016) synthesized a distinct bioconjugate to deliver a plasmid to

MCF‐7 or HeLa cells. This complex was composed of estradiol‐
functionalized MWCNTs, PEG as a spacer, and poly‐L‐lysine as a

stabilizer and payload enhancer. In this respect, estradiol served as the

targeting ligand, with the transfection efficiency being strongly

correlated to the number of estrogen receptors present on the target

cell. Their study exhibited higher transfection efficiency in case of

MCF‐7 cells, which have a higher expression of estrogen receptors

compared with HeLa cells.

2 | CONCLUSION

In this review, the biomedical applications of CNMs have been

addressed in different fields of drug and/or gene delivery, Bioima-

ging, and tissue engineering. Distinct kinds of CNMs, their deriva-

tives, and bioconjugates along with pertinent properties have been

discussed. The extant evidence shows that their high specific surface

area, considerable mechanical strength, and peculiar optical attri-

butes may be useful for vast applications, namely, a carrier for

various drugs or genes, contrast agent in imaging and sensing uses,

and scaffold for tissue regeneration. Each of these has been

exemplified using the available studies. It is noteworthy that this

growing area of research has been reported with unexpected adverse

events or other serious safety restrictions due to structural similarity

to asbestos, which, in turn, impedes their progress in nanomedicine. A

triad of CNMs functionalization, type, size, and purity have been

identified as leading causes determining the fate of each

CNMs‐based complex in vivo. The studies included in this review

have highlighted the potential of CNMs, presenting a futuristic

scenario wherein the potential gain of developing different formula-

tions for the purpose of expanding an alternative therapy for

complicated medical conditions with no current treatments can

explain all these efforts. Collating reliable cellular and animal data

with respect to molecularly well‐defined architectures provides a

basis for further breakthroughs on the horizon.
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Sańchez, L., Otero, R., Gallego, J., Miranda, R., & Martiń, N. (2009).
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