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Abstract: The unique properties of carbon nanotubes (CNTs) (such as their high surface to
volume ratios, enhanced conductivity and strength, biocompatibility, ease of functionaliza-
tion, optical properties, etc.) have led to their consideration to serve as novel drug and gene
delivery carriers. CNTs are effectively taken up by many different cell types through several
mechanisms. CNTs have acted as carriers of anticancer molecules (including docetaxel
(DTX), doxorubicin (DOX), methotrexate (MTX), paclitaxel (PTX), and gemcitabine
(GEM)), anti-inflammatory drugs, osteogenic dexamethasone (DEX) steroids, etc. In addi-
tion, the unique optical properties of CNTs have led to their use in a number of platforms for
improved photo-therapy. Further, the easy surface functionalization of CNTs has prompted
their use to deliver different genes, such as plasmid DNA (PDNA), micro-RNA (miRNA),
and small interfering RNA (siRNA) as gene delivery vectors for various diseases such as
cancers. However, despite all of these promises, the most important continuous concerns
raised by scientists reside in CNT nanotoxicology and the environmental effects of CNTs,
mostly because of their non-biodegradable state. Despite a lack of widespread FDA approval,
CNTs have been studied for decades and plenty of in vivo and in vitro reports have been
published, which are reviewed here. Lastly, this review covers the future research necessary
for the field of CNT medicine to grow even further.
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Introduction

In recent decades, research in the field of biotechnology has focused on nanotech-
nology and nanomaterials.'? Nanomaterials are especially well suited for medical
applications because of their unique properties including facile synthesis, control-
lable size, tunable surface chemistry, large surface-to-volume ratios and significant
biocompatibility; all considered as promising for almost all aspects of biotechnol-
ogy to overcome the many limitations in existing conventional materials.> For
instance, pioneering research conducted by Higuchi et al on albumin nanoparticles
indicated that nanomedicine may be an effective treatment for cancer due to their
ability to avoid immune system clearance enhancing tumor and cancer cell
targeting.* Besides, nanomaterials as coatings on coronary artery stents and drug
delivery systems for treating coronary artery disease have been reviewed.” Indeed,
using nanoparticles in a large range of biomedical applications promises safer (for
example, through targeted nanomedicines by reducing the amount of drug deliv-
ered) and more effective solutions for a number of diverse issues.® In recent years,
the applications of nanomaterials including liposomes, noisomes, ceramic nanopar-
ticles, carbon-based nanomaterials, titanium dioxide nanoparticles, iron oxide
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nanoparticles, polymer nanoparticles, dendrimers, metal
nanoparticles, magnetic nanoparticles, silica nanoparticles,
etc. in the biological and medical fields have exploded.”
Also, smart stimulus-responsive drug/gene delivery sys-
tems based on the various subclasses of nanomaterials
have been considered in recent decades. These systems
are responsive against triggers such as pH, redox potential
changes, enzymatic activation, thermal gradients, magnetic
fields, light, and ultrasound, or a combination of two or
more of the above stimulus.'*

In particular, one nanomaterial, carbon nanotubes (CNTs),
has attracted incredible interest in the biomedical field due
both to their promising properties (such as high surface area,
needle-like structure, considerable strength, flexible interac-
tion with cargo, high drug loading capacity, outstanding opti-
cal and electrical features, high stability, biocompatibility, and
ability to release therapeutic agents at targeted sites) and
negative properties (most notably, lack of biodegradability
and toxicity)."” ' However, despite some negative attributes
of CNTs, they continue to show exemplary functions in med-

icine, specifically in drug delivery systems,”* > gene delivery
and gene therapy,”®>'  bioimaging,***®  diagnostic
20,34

applications,'®° biosensors, and vaccine delivery35 to
just name a few. Table 1 shows some of the attractive features
of CNTs in various biomedical applications.

But, in spite of the fact that CNTs show desirable

biological properties in the body, there are many concerns

Table | Different Medical Applications of CNTs

about their biosafety, from both a manufacturing and med-
ical application point of view. Accurate toxicity studies are
therefore essential to fully evaluate the in vivo impact of
CNTs before widespread commercial biomedical applica-
tions. As will be discussed, the CNT field has been pla-
gued with inaccurate and incomplete toxicity studies
ranging from using animal models that do not mimic real
CNT exposure routes to studies that do not even fully
characterize the impurities, chemistry, charge, and dimen-
sions of the studied CNTs.*®

CNTs primarily comprise two nanomaterial classes,
(SWCNTs),
a single layer of graphene sheets rolled seamlessly as

including single-wall carbon nanotubes
a cylindrical tube, and multiwalled carbon nanotubes
(MWCNTs), multi-layer of graphene sheets wrapped on
each other in a cylindrical shape. Besides, there are three
main ways to manufacture CNTs, including arc discharge,
chemical vapor deposition (CVD), and laser ablation,
which were discussed in more detail previously.*’

This review will summarize promising and not-so-
promising studies on work regarding the numerous biome-
dical applications of CNTs. A wide range of research
studies, especially from the years 20162019, are dis-
cussed with critical insight into what such studies actually
showed. We review the cellular uptake of CNTs, CNTs in
drug delivery, and CNTs in gene delivery. At the end of

this work, we also deliberate on concerns raised over the

Application Description Ref.
Diagnosis and Imaging
Bio-sensing CNTs show special optical, mechanical, and electronic properties that make them attractive candidate materials [141]
for the manufacture of optical and electrochemical biosensors
Bio-imaging Features such as high photostability and absence of quenching, make CNTs suitable for bio-imaging applications [151]
Therapy Applications
Photo-Thermal The ability of CNTs to convert near infrared radiation (NIR) into heat is well known [152]
Therapy
Tissue CNTs are good materials for tissue engineering due to their biocompatibility, rigidity, mimicking of natural tissue [153]
Engineering nanofibers, stimulating the adhesion and proliferation of cells and ability to form strong 3D architectures
Drug/gene CNTs have been considered as carriers for drug/gene delivery due to their high surface area, multifunctional [75,154]
Delivery surface chemistry, lack of immunogenicity and unique needle-like shapes with an ability to easily penetrate cell
membranes
Lab-on-a-chip Lab-on-a-chip (LOC) devices are miniaturized systems in which tiny volumes of fluids flowing in various channels [155]
devices are designed for purposes such as drug screening, cell growth, and disease models. In this regard, CNTs have been
used as membrane channels, sensors and channel walls in LOC devices.
1682  submit your manuscript International Journal of Nanomedicine 2021:16
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toxicology of CNTs and provide thoughts on what the field
needs for CNT use in medicine to grow.

Cellular Uptake of CNTs

The remarkable features of CNTs allow them to be easily
taken up by many different types of cells. For example, the
needle-like shape enables CNTs to efficiently penetrate
cell membranes, which can be good or bad depending on
the intended medical application. Hence, CNT uptake
properties make them suitable for numerous biomedical
applications, notably drug and gene delivery.*®* Despite
a wide range of studies on cellular uptake, there are still
many open questions about uptake mechanisms and,
hence, cellular pathways initiated through the use of
CNTs in drug or gene delivery systems.'® Of course, it is
not just the manner in which CNTs are taken up by cells,
but also how many and will they be able to deliver a drug
viably to a cell;40 hence, the internalization of CNTs and
their cargo needs to be carefully studied. As will be
described next, a comprehensive review of articles shows
that there is no single mechanism for cellular uptake of
CNTs, and several (not one) pathways have been eluci-
dated dependent on properties of the CNTs.*!

Specifically, several mechanisms for the internalization
of CNTs have been proposed including: i) direct penetra-
tion through the cell membrane or ii) passive uptake and
endocytosis mechanisms or active uptake. These mechan-
isms are also known as independent energy and dependent
energy pathways, respectively.*>** Table 2 describes the
current literature summarizing CNT entry into various
cells, with a focus on dimension, cell type and CNT sur-
face functionalization.

CNT cellular internationalization can occur through
a passive pathway or needle mechanism diffusing across
the cellular membrane lipid bilayer. A high respect ratio and
needle-like structure helps CNTs overcome such barriers.?’
Another CNT internalization pathway includes endocytosis
which can be broken into five categories:** phagocytosis,
pinocytosis (mainly micropinocytosis), clathrin-mediated
endocytosis or receptor-mediated endocytosis, caveolin-
mediated endocytosis, and clathrin/caveolae independent.
Phagocytosis is an endocytic pathway through which large
particles (~1 pm) are taken up by cells. For example, pha-
gocytosis is predominant in macrophages, neutrophils, and
monocytes.""'> Receptor-mediated endocytosis is the main
pathway for cellular uptake involving the formation of
clathrin-coated endocytic vesicles.' Caveolae invaginations

include nanomaterials about 60 nm in size. They are rich in
proteins such as cholesterol and sphingolipids. Caveolin-
mediated endocytosis is used for vesicular trafficking as
well as bacteria and virus uptake.*” The results from various
researchers showed that cells may internalize CNTs up to
100 nm in size by caveolin- and clathrin-mediated endocy-
tosis; however, larger-sized CNTs of more than 300 nm are
taken up through macropinocytosis mechanisms.”?° In
addition to the advantages of CNTs and their drug cargo
entering cells, each mechanism has its drawbacks that need
to be carefully considered (Table 3).

Cellular uptake and the above-mentioned mechanisms
are affected by different CNT material properties such as
dimension, surface functionalization, functional group
chemistry, surface charge, degree of aggregation and
agglomeration, CNT type (multi-walled CNTs
(MWCNTs) versus single-walled CNTs (SWCNTs)), and
cell types, which are briefly discussed in the following
43,44,46,47

paragraphs.

Functionalization
The main purpose of CNT functionalization is not only to
improve the physical properties of CNTs (such as solubi-
lity and dispersity) but also to boost the bio-performance
of CNTs. Poor dispersity and significant aggregation of
CNTs may make them more cytotoxic in the body.**
Hence, surface functionalization enables a proper way to
reduce the cytotoxicity of CNTs through effective cellular
uptake processes.*’ In addition, functionalization of CNTs
directly affects cellular uptake quality and the cellular
internalization mechanisms mentioned above. In Table 4,
functionalized CNTs and their effect on solubility, toxicity,
effective cellular internalization mechanisms, etc. are sum-
marized with a more in-depth discussion provided below.
Part of the functionalized CNTs can predominantly
cross cellular membranes by energy-dependent pathways,
while others are independent of energy.****® Experiments
on phagocytic RAW 264.7 murine macrophages and A459
human lung carcinoma cells as non-phagocytic cells trea-
ted with various inhibitors indicated that about 30-50% of
f-MWCNTs were internalized into both cell lines through
an energy-independent mechanism, while another large
part of f-mwCNTs were internalized into cells through
macropinocytosis and clathrin and caveolae-mediated
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Table 2 Summary of Articles on CNT Cellular Internalization Mechanisms

Types of Carbon Length (L)/ Surface- Cell Types Mechanisms Ref.
Nanotubes Diameter (D) Modified
Complex
SWCNTs L: >1 pm Pluronic- F108: Macrophage cells Phagocytosis [156]
CNT
SWCNTs 30—400 nm - Murine macrophage Phagocytosis [62]
MWCNTs RAW?264.7 cells
MWCNT L: 453.5 £ 6.2 C6-CNTPC A549 cells Phagocytosis [20]
SWCNTs L:195-630 nm - Murine macrophage cells Macropinocytosis [60]
MWCNTs L: >300 nm p(4VP)-MWCNTs TTI cells Macropinocytosis [71
SWCNTs L: <500 nm/D: 1-2 nm AO-SWCNTs Hela cells Clathrin-mediated endocytosis [157]
MWCNTs L:10 pm/D: 60 nm - BEAS-2B cells, HBEpCs Clathrin- and caveolae-mediated [158]
endocytosis
SWNTs L: 0.05-0.2 um/<I| pum SWNT-DNA, Hela cell Clathrin-dependent endocytosis [159]
SWNT- proteins
MWCNTs D: ~200 nm Oxidized - Caco-2 cell Clathrin-dependent endocytosis [160]
MWCNTs
CNTs L: 250-400 nm PEG-CNT- A549 non-small cell lung Clathrin-mediated endocytosis [87]
ABT737 nanodrug cancer cells
SWNTs L: 100-200 nm/D: 1-3 FA-SWNTs HepG2 cells Folate receptor mediated [161]
nm endocytosis
SWNTs L:50-100 nm/D: 1-3 FA- SWNTs HepG2 cells Folate receptor mediated [162]
nm endocytosis
MWCNTs L: 3 Im to 10 Im/D: 50 - Human neonatal epidermal Lectin receptor mediated [163]
nm — 300 nm keratinocytes (HEK) endocytic pathway
SWCNTs L: 50200 nm/D: -3 FA-SWCNTs HepG2 cells Passive diffusion for 50 nm or less | [164]
nm SWNTs
Clathrin-mediated endocytosis for
100-200 nm SWNTs
MWCNTs D: 20-30 nm FITC- MWCNTs Plant cells Passive diffusion [165]

Abbreviations: HBEpCs, human bronchial epithelial cells; FA, folate acid; C6-CNTPC, coumarin-6 loaded TPGS conjugated MWCNT.

confirmed that surface modification of CNTs can facilitate

23.26.51 45 described next.

select cellular uptake

CNT functionalization is generally divided into two
categories: covalent and non-covalent. Singh et al*® in
their research reported that coumarin-6 loaded d-alpha-
tocopheryl polyethylene glycol 1000 succinate (TPGS)
conjugated multi-walled carbon nanotubes (C6-CNTPC)
and coumarin-6 loaded carboxylated MWCNT C6-CNA
had higher uptake rates compared to free c6 in A549
cells after 24 h. This TPGS conjugated MWCNT showed

a higher percentage of apoptotic cell death, higher

cytotoxicity, higher efficiency treatment and safety than
non-coated CNTs and docetaxel (DTX). They also
that C6-CAN followed passive
mechanisms to cross into cells, while C6-CNTPC was

showed diffusion
preferentially taken up via phagocytosis pathways. In
fact, the anti-cancer activity of DTX increased due to
the phagocytosis mechanism used for C6-CNTPC; thus,
providing a critical design parameter in promoting pha-
gocytosis of drug-loaded CNTs for treating cancer.

In addition to being covalent or non-covalent functio-

nalized, CNTs can be functionalized by different

submit your manuscript

1684

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove Zare et al
Table 3 Advantages and Disadvantages of Various CNT Cellular Internalization Mechanisms
Mechanism Positive Characteristics Negative Characteristics Ref.
Passive diffusion ® Rapid diffusion of CNTs across the cell lipid membrane |® Non-specific [20]
in a non-invasive manner
Phagocytosis Ability to uptake large particles (~ | pum) ® Need a coating on CNTs to enhance recogni- | [I5,166]
Specific cell-type targeting tion and uptake by phagocytes
o Degradation of cargo by lysosomes
Macropinocytosis Ability to uptake large particles ® Non-specific [7,167]
Uptake of cargo through large vacuoles
Clathrin-dependent  [® Size-dependent regulation of particle internalization ® Degradation of cargo by lysosomes [168]
endocytosis
Caveolae-mediated ® Specific receptors ® Membrane structure dependent [169]
endocytosis ® Bypass the endo-lysosomes
® Enhance the efficiency of transfection
Table 4 Functionalized CNTs and Their Effect on Solubility, Toxicity, and Effective Cellular Internalization Mechanisms
Functionalized- Cell Types Major Results Ref.
CNTs
Solubility | SPAN-MWCNT - Weaker 11-T1 bonds between CNTs and SPAN, and high solubility [170]
PI-PEG-SWCNT Jurkat cell line Increase in aqueous solubility by non-covalent functionalization of SWCNTs [171]
Cellular MWCNT-FITC RAW 264.7 murine macrophages - | Surface modification of CNTs can facilitate effective cellular uptake [50]
uptake A459 human lung carcinoma cells The ability of f-CNTs to cross the cell membrane of both cells at a 30-50%
internalization rate
Vitamin E TPGS- A549 cells Increase in anticancer properties of DTX according to the phagocytosis [20]
MWCNT (Cé- mechanism of C6-CNTPC
CNTPC)
PEGylated CNT- A549 non-small cell lung cancer Increase mitochondrial targeting with early endosomal escape, increase [87]
ABT737 cells accumulation of complex in mitochondria and effective released drug
Toxicity SWCNT-PEG- D54MG-EGFP cells This functional group protects D54MG-EGFP cells while the SWCNT backbone is | [78]
THFF harmful for these cells
CD-SWCNTs MCF-7 and Hela cells Decreases the toxicity of CNTs and adverse side effects as a FMN drug delivery | [90]
carrier
FA- MWCNTs Hela cells FA- MWCNTSs are non-toxic to Hela cells with cell viabilities more than 90% [99]
CH-B-GP-CNT 3T3 cells Hydrogels containing CNTs (0.1%) showed no-toxicity in 3T3 cells with high cell | [103]
hybrid hydrogels viability
SWCNT-PB (SPB) 293T and A549 cells SPB showed low cytotoxicity to both cell lines and more than an 80% cell viability | [I121]
at a high concentration of 50 ug mL™'
SWNT-PEG-PEI- L929 and AGS cells This functionalized nanoplex showed low cytotoxicity in cells [67]
AS1411 aptamer
SWNT-PEI N2A murine neuroblastoma cells None of the SWNT-PEII 10, and SWNT-PEI |0 carriers had major cytotoxicity except | [127]
conjugates SWNT-acyl-PEI1 8 (S1.8), SWNT-acyl-PEI 10 (AC10) and SWNT-acyl-PEI25 (AC25)

Abbreviations: PI-PEG, phospholipid-PEG; FA, folic acid; CH, chitosan; B-GP, B-glycerophosphate; PB, PEl-betaine; SPAN, sulfonated polyaniline; FMN, formononetin.
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functional groups which can also influence the cellular
uptake process.”® For example, Chatterjee et al®® con-
ducted research on the wuptake of functionalized
MWCNTs  (hydroxylated/carboxylated MWCNTSs) by
human bronchial epithelial (BEAS-2B) and human hepa-
toma (HepG2) cells. Clathrin-mediated endocytosis was
recognized as the main pathway for carboxylated
MWCNT uptake whereas both caveolae- and clathrin-
mediated endocytosis were found for hydroxylated
MWCNT internalization by both types of cells. A higher
cytotoxicity of carboxylate in BEAS-2B cells was
observed, although hydroxylate in HepG2 cells indicated
functionalization dependent cell-type effects. Also,
Budhathoki-Uprety et al** revealed that cellular uptake of
amine-CNTs was higher than carboxyl-CNTs and showed
a dependency of cellular uptake on the type of functional
group for HeLa cells after 24 h.

Some of the studies showed that functionalized CNTs
are able to pass or penetrate physical barriers (for example,
the Blood-Brain Barrier (BBB)). Kafa et al showed that
angiopep-2 (ANG)-functionalized MWNTs were able to
cross the BBB by a co-culture BBB model containing
primary rat astrocytes and primary porcine brain endothe-
lial cells. ~MWCNTSs were able to pass through the BBB
after in vivo injection through the tail vein and showed
a higher brain parenchyma accumulation of fFMWNTs
after the injection. Micropinocytosis seems to be the
chief internalization mechanism and transcellular uptake
is offered as the primary mechanism in order to cross the
BBB.™

In an in vivo study by Ren et al, PEGylated oxidized
MWNTs (oxMWNT-PEG) functionalized with ANG were
applied to deliver Doxorubicin (DOX) to C6 mouse
glioma model brains. With improved brain uptake of Dox-
oxMWNT-PEG modified with ANG,
a significant survival of glioma-bearing mice treated with
Dox-oxMWNT-PEG-ANG than control The
results of this study showed that this carrier could distri-
bute to the brain with high proficiency and O-MWNTs-
PEG-ANG could increase brain distribution according to

they showed

groups.

the receptor-mediated endocytosis mechanism of ANG
interaction with
(LRP) receptors.™

In a study, the in vivo administration of functionalized
CNTs (~FMWNT) modified with siRNA targeting caspase-
3 into the brain cortex of a stroke model proved their

lipoprotein  receptor-related protein

capability to be internalized in neuronal cells, which is
shown with TEM after 48 h of f-CNT internalization.

fMWNT-siRNA was delivered to the cortex of rats
through stereotactic injection. After the siRNA-CNTs
were delivered, the anti-caspase-3 siRNA treated rats
showed a major reduction in apoptotic cells and decreased
neurodegeneration before and after ischemic damage of
the rodent motor cortex.>®

Size
CNT dimension is clearly one of the most significant
parameters which can influence cellular uptake.

Previous research illustrates that shorter CNTs result in
more efficient cellular uptake.’’>° The mechanism via
which short CNTs transfer through cell membranes is not
unique, but the main one is active endocytosis, especially
clathrin-mediated endocytosis.”**! Shortening of CNTs,
the
internalization.'> In this regard, Zhang et al studied the

however, increases chance  of  passive
effect of dynamic particle size of CNTs on cellular
uptake. They compared the uptake of eight types of
CNTs, including SWCNTs and MWCNTs, by
RAW264.7 macrophages with sizes ranging from 30 to
400 nm. Their results indicated that an increase in
dynamic particle size caused CNTs to be taken up by
macrophages in larger quantities following an increase
in cytotoxicity with the main mechanism of the cellular

uptake being energy-dependent phagocytosis.®*¢

Degree of Agglomeration and
Aggregation

Internalization of CNTs may be affected by the state of
their agglomeration and aggregation. Song et al®* reported
that larger agglomerates of O-MWCNTs result in higher
uptake by human epithelial cervical cancer (HeLa) cells,
but did not induce obvious cytotoxicity in these cells when
the concentration of O-MWCNTs was less than 150 pg/
mL (with a size of 200-700 nm in length and 10-20 nm in
diameter). By increasing the concentration of O-MWCNTs
to 150 pg/mL, after 24 h, the amount of agglomeration and
toxicity increased slightly. They contended that agglom-
eration helped endocytosis of O-MWCNTs owing to their
effective interaction of agglomerates with cells. This high-
uptake and low-toxicity of CNT agglomerates can facil-
itate drug/gene delivery through regulating agglomeration
of CNTs in some delivery systems. Kuroda et al®® con-
ducted research that proved that aggregated CNTs pos-
sessed enhanced uptake in RAW264 cells. Their results
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suggested that uptake mechanisms are influenced by the
state of aggregation.

Surface Charge

Surface charge can alter electrostatic interactions and dis-
persity of CNTs.%*®” Hence, surface charge can influence
cellular uptake and consequently other biological
performance.®®®’ Budhathoki-Uprety et al** functionalized
SWCNTs by encapsulation in helical polycarbodiimide
polymers functionalized with primary amine (amine-CNT)
or carboxylic acid (carboxy-CNT) side chains. The amine-
and carboxy-SWCNT complexes have surface charges of
approximately 52.8 mV and 66.8 mV, respectively. They
showed that cationic nanotubes were efficiently internalized
into HeLa cells in comparison with anionic CNTs.
However, cellular uptake of the anionic CNTs was influ-
enced by serum proteins in cell culture media which adsorb
to the CNTs. It is important to remember that it is the
proteins that adsorb to nanomaterials which cells recognize,
not the nanomaterial itself; this is the so-called nanomater-
ial “protein corona” effect. In fact, the protein corona is
a layer of proteins adsorbed to a nanomaterial (without
protective modifications) when exposed to body fluids.”
This provides for incredible leverage in designing CNTs
that can either be taken up into cells (and via which mechan-
isms) or not. Therefore, considering the surface chemistry
modulation of CNTs, one can design efficient drug delivery
strategies.

However, various toxicity properties of nanomaterials
arise from the reactivity of their surface with cellular
membranes. The toxicological properties of CNTs are
associated with the nonbiodegradability of these nanopar-
ticles. The connecting of blood proteins to CNTs influ-
ences cellular pathways and decreases the cytotoxicity that
is determined by the existence of specific protein
adsorption.”’ Ge et al examined the interaction between
SWCNTs and human blood proteins on the cytotoxicity of
SWCNTs in two cell lines, such as an acute human mono-
cyte leukemia cell line (THP-1) and a human umbilical
vein endothelial cell line, showing that the binding of
blood proteins on the SWCNT surface enabled changes
in their cellular interactions reducing their cytotoxicity.’?

Cell Type

Different cellular systems have different rates of cellular
uptake and can alter the mechanisms of the uptake
process.”*%*%73 CNT internalization by human lung can-
cer cells A549, human lung cancer cells Calu-6, human

breast cells MCF-7, and mouse macrophage cells J774
have been studied by Summers et al®®. They found that
CNT uptake was the highest in the J774 cell line. The
uptake into A549 cells was ~40% lower than the J774 cell
line which had the greatest uptake among all cells after 24
h exposure to CNTs. MCF-7 and Calu-6 cells showed no
significant difference, but both cell types had ~30% of the
J774 CNT content. Furthermore, macrophages took up
SWCNTs in larger quantities compared to fibroblasts.
Macrophages took up large particles (with diameters
>500 nm) through phagocytosis preferentially, however,
fibroblasts primarily use endocytosis of particles with dia-
meters <200 nm.>® J774 cells are phagocytic cells and
have the ability to absorb larger particles and CNT
agglomerates. This aggregation of CNTs within phagocy-
tic cells can facilitate the retention of nanoparticles within
cells, and it makes these cells suitable carriers of CNTs
into tumor cells for cancer therapy.

Various techniques have been adopted to analyze CNTs
and their cellular uptake including transmission electron
microscopy, fluorescence microscopy, atomic force micro-
scopy, dynamic light scattering, confocal Raman micro-
scopy as well as surface-enhanced Raman scattering and
confocal laser scanning microscopy. These techniques uti-
lize some features such as the optical properties of CNTs
their
uptake."**33:637 1t is often said that improvements in

to  characterize and  visualize cellular
microscopy led to the field of nanotechnology, and this
could not be more true when understanding CNT cellular

internationalization mechanisms.

Drug Delivery

As stated previously, several mechanisms determine how
CNTs enter cells. Their length, degree of aggregation, and
surface functionality determine which cellular uptake
mechanism occurs.”> Despite some concerns about the
immune response of the pulmonary system towards pris-
tine CNTs and the change that might occur with CNT
exposure in terms of gene expression in normal cells,
which will be discussed further in one of the future sec-
tions, CNT surface modification and, more specificity, the
ability of CNTs to target cells can reasonably satisfy all of
these concerns.

Adding surface functionalities on CNTs can enhance
cellular uptake through enhanced permeability and reten-
tion, the so-called “EPR effect,” a mechanism for accu-
mulating nanoparticles in tumors due to their increased
blood flow, and specific targeting by a select antigen or
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aptamer. For example, it has been demonstrated that CNT
drug delivery systems (DDSs) can carry anti-cancer drugs
to fight against malignant melanoma, which usually
includes polyethylene glycol (PEG) on the surface of the
CNTs.”® In fact, it has been reported that even MWCNTs
without drug loading with any anti-cancer drugs can inhi-
bit tumor growth. Specifically, a study conducted by
Garcia-Hevia et al showed that an injection of 2ug
MWCNT in a melanoma tumor, transplanted into the
back of a mouse, reduced tumor mass by 27% compared
to untreated mice.”” Similarly, SWCNTs functionalized
with PEG (23% wt) or tetrahydrofurfuryl (THFF)-
terminated PEG (21% wt) was tested against human
glioma cells to evaluate their effects on cell adhesion,
proliferation, and death rate of DS4MG-EGFP cells. The
findings demonstrated a 21% decrease in cell proliferation
of D54MG cells near SWCNT-PEG-THFF (compared to
the control). In addition, a 35% increase in cell death rate
was observed for the SWCNT-PEG-THFF group com-
pared to the SWCNT-PEG group after two days. The
study concluded that the functional groups possessed
a protective effect for D54MG-EGFP cells, while the
SWCNT backbone was harmful to them.”® Despite the
assumption that PEG is an innocent agent against immu-
nogenic responses, several research studies including ani-
mal studies in mice,79 rabbits,80 rats and monkeys,81
showed that various PEGylated agents could trigger anti-
body formation against PEG. Furthermore, recent work on
PEGylated therapeutics in humans demonstrated even
adverse  reactions. For instance, = PEGinesatide
(OMONTYS) was approved by the FDA in 2011 for
treating anemic patients who have chronic kidney
disease.®> However, the drug was reported to show severe
hypersensitivity reactions, which were 0.02% fatal in
patients after 30 min of injection;*® the drug was banned
and withdrawn from the market in 2013.%*

Additionally, some researchers are skeptical if this
cancer cell inhibitory effect of CNTs can be repeated in
3-D cultures or animals. For example, a study investigated
the possibility of using functionalized MWCNTs for
photothermal therapy of glioblastoma cells and compared
the results of placing MWCNTs near cancer cell lines in
2-D and 3-D cultures. They concluded that functionalized
MWCNTs showed an inhibitory effect on a 2-D culture of
glioblastoma cells and not for the 3-D cultures.®® This
phenomenon is probably related to acid-oxidation and
other mechanisms that mitigate acute CNT toxicity
in vivo. So, CNT morphology plays a vital role in

toxicology investigations related to CNT DDSs. Further,
such studies highlight the importance of the assay and
experimental system used to test the efficacy, not only
for CNTs but also for nanomaterials.

CNTs as Carriers of Anticancer

Molecules
Cao et al used a pH-responsive release of docetaxel (DTX)
loaded on arginylglycylaspartic acid (RGD)-chitosan (CS)
decorated functionalized SWCNTs. The RGD-CS-
SWCNT-DTX complex showed a higher drug release of
68% than the pure drug at pH 5.0 and 49% at pH 7.4.5¢

In similar work, a group of researchers tested the
behavior of PEG-functionalized MWCNTs loaded with
ABT737, a nanodrug for treating lung cancer cells, against
A549 cells. The cellular uptake was clathrin-dependent,
which is a form of endocytosis, and in this way, a strategy
was designed for the loaded MWCNTs to enter the cells to
guide them into the mitochondria before early endosomal
escape occurred. ABT737 can attack the mitochondria of
cancer cells to cause apoptosis of the cells. So, this study’s
main goal was to use pH as the stimulus to trigger a drug-
releasing response. The findings showed 56% and 32%
apoptosis for cells near 1-5pug/mL of PEG-MWCNT-
ABT737 (24% wt loaded with drug) and the free
ABT737 nanodrug, respectively, thus demonstrating more
significant apoptosis for the MWCNT group. Additionally,
normal cell apoptosis was reported to be 3% and 1.5%,
respectively.?” The presence of the integrin ayfs is attrib-
uted to the expression of various human cancer lines.* In
this regard, Koh et al designed a DDS system in which an
RGD peptide covalently conjugated on the surface of
functionalized CNTs with carboxylic acid (fCNTs), fol-
lowed by encapsulation of topoisomerase I inhibitor camp-
tothecin (CPT) in the functionalized CNTs, to reach
CPT@fCNT-RGD. Treating A375/MCF6 cells with differ-
ent concentrations of CPT-encapsulated f{CNT-RGD, CPT-
encapsulated fCNTs and f{CNT-RGD ranging from 0.1 to
150 pg/mL showed a drop of 67.9%, 31.9% and 28.9% in
cell viability, respectively.®

Research on CNTs as an anti-cancer drug carrier has
been investigated in many anti-tumor DDSs such as DTX,
ABT737, DOX, methotrexate, PTX, gemcitabine (GEM),
mangiferin (MF), etc. As another example, it has been
shown that carboxylated SWCNTs functionalized with
hydroxypropyl-p-cyclodextrin (HP-B-CD) are proper car-
riers for formononetin (FMN) delivery, because the cell
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viability of MCF-7 cells against CD-SWCNTs-FMN was
always recorded at lower amounts compared to the cell
viability by FMN alone with concentrations ranging from
3 to 100 p mol/L after 48 h. At higher doses (more than 50
pmol/L), the difference between CD-SECNTs-FMN and
FMN was more prominent.”® Therefore, this study is an
example that not only can CNTs improve the efficiency of
chemotherapy (through improving the drug delivery capa-
city to the target) but also these nanoparticles can decrease
side effects related to the usage of higher doses of drugs
(ie, lower cytotoxicity reported).

Considering that mangiferin (MF) is a phytochemical
compound that may positively affect treating such ill-
nesses like diabetes, viral infections and cancers,”’ a CNT-
PEG-based system conjugated with MF was assessed in
terms of its effectiveness against human brain cancer cells.
While the plain MF drug release at pH 5.6 and 7.4 was
reported as 74% and 59%, those values for the conjugated
MF on CNT-PEG platform was reduced to 59% and 50%,
respectively. Because the drug release amount was
recorded at higher values for a pH of 5.6 than 7.4, a pH-
dependent strategy can target cancerous cells that have an
intrinsically acidotic nature. Various concentrations ran-
ging from 1 to 100 uM of MF and CNT-PEG-MF were
assessed in the vicinity of U-87 cancer cell lines for 48
h. ICsq values for free MF and CNT-PEG-MF were equal
to 208.48 uM and 162.91 uM, respectively. The higher
cytotoxic effects of CNT-PEG-MF can be attributed to
improved cell penetration or cellular uptake of NPs than
free MF. The flow cytometric data also showed around
55% apoptosis for conjugated MF on a CNT-PEG platform
versus 21% for plain MF against the U-87 cells.”?

In addition, a study supervised by Raza et al compared
MWCNT-DTX vs MWCNT-DTX conjugated with piperin.
Figure 1 shows a schematic of how DTX was loaded on
MWCNTs. Since one of the major problems in working
with DTX is its poor bioavailability and aqueous solubi-
lity, piperin can increase both of them. In vitro results
determined the release profile of DTX for MWCNT-DTX
and the conjugate after 24 h. The release for the former
combination was 87.5%, but the latter was 63.9%.
However, using piperin did not affect the anti-cancer
activity of DTX.” Further investigations on SWCNTs
loaded with gemcitabine (GEM) and functionalized with
PEG showed controversial results. The amount of GEM on
the SWCNT and SWCNT-PEG was recorded at 43.14%

at 19.6% and 11.1%, respectively, for SWCNT-GEM and
SWCNT-PEG-GEM; a higher cytotoxicity was reported
against A549 cells compared to the pure GEM at the
same concentration. However, an in vivo study proved
that SWCNT-PEG-GEM inhibited tumor growth more
compared to SWCNT-GEM. Once again, the importance
of 3-D investigations and associated factors that are not
present in 2-D tests is clear. Opposite findings may be
found in vivo and can be attributed to the enhancement
of blood circulation time for the functionalized CNTs with
PEG as well as a complete immune system response. So,
the EPR effect was probably higher for the SWCNT-PEG-
GEM which contributed to the results.”*

DOX) s
a chemotherapeutic medication, but it has disadvantages,

Doxorubicin widely used as
such as reversible side effects, low ability to cross biolo-
gical barriers, and irreversible toxicity.”> CNTs can be
used effectively as a suitable transporter for carrying
these drugs and reducing side effects due to their high
surface area, thermal and chemical stability, and ability
to pass through cell membranes.”®

Liu et al reported that a DOX-dependent drug is effective
for the treatment of breast cancer so, for this purpose, amino-
functionalized single-walled carbon nanotubes (NH,-
SWCNTs) were combined with hyaluronic acid (HA)
(SWCNTs-DOX-HA) and the in vitro release of DOX at
a pH of 5.5 in the tumor cell environment was found to be
faster than when the medication was released in the biologi-
cal environment. According to the results, tumor cell growth
and induction of apoptosis can be reduced using SWCNTs-
DOX-HA compared to SWCNTs-DOX and a nano-size for-
mulation enhanced the treatment of breast cancer.”” A recent
paper by the same group focused on assessing the SWCNTs-
DOX-HA DDS on a spheroid (3D) cancer cell line model.
Therefore, the SWCNTs-DOX-HA system specifically could
bind to the CD44 receptor on MDA-MB-231 cells probably
by cellular uptake through receptor-mediated endocytosis.
The control cancerous spheroid volume increased to 1.2
times the original size after 5 days of culturing. Similarly,
the volume of spheroids treated with free DOX, SWCNT-
DOX-HA and SWCNT-DOX cut down to almost 21%, 23%
and 33%, respectively. It suggests that HA improves the
cytotoxicity of this DDS compared to SWCNT-DOX
alone.”®

Yan et al, during another study, reported that pH-
responsive-SWCNT-folic acid (FA) conjugates had higher

and 34.34% (w/w), respectively. In vitro findings for drug loading and encapsulation efficiency (70.4%)
20nM GEM after 48 h demonstrated the amount of GEM  because DOX/MWCNT nanocomplexes demonstrated
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DTX-MWCNTS conjugate

Figure | This scheme shows how DTX was conjugated to MWCNTs.

Notes: Reprinted with permission from Raza K, Kumar D, Kiran C, et al. Conjugation of Docetaxel with Multiwalled Carbon Nanotubes and Codelivery with Piperine:
Implications on Pharmacokinetic Profile and Anticancer Activity. Mol Pharm. 2016;13(7):2423-2432. Copyright © 2016 American Chemical Society.”?

good colloid stability in water, PBS, and cell culture
medium as after 2 months, there was no precipitation.
They also showed higher anti-tumor effects than free
DOX and in vivo studies confirmed that the side effects
of DOX (like cardiotoxicity and kidney accumulation)
were reduced in the presence of the DOX/MWCNT
nanocomplexes.” Another study by Uttekar et al sug-
gested a combination of FA and ethylene diamine
(EDA) conjugated on MWCNTs (length= 5-15 pm, dia-
meter= 10-20 nm) as a carrier of DOX for assessing
MCEF-7 breast cancer cell line viability. In vitro studies
showed that after 48 h at pH 5.3, the rate of drug release
from FA-EDA-MWCNTs-DOX was 68.12% compared to
11.48% at pH 7.4. The pH-dependent release profile
ascribed to the formation of -CONM amide at a minor
pH. Additionally, the FA-EDA-MWCNTs-DOX com-
pound demonstrated 7.58% cytotoxicity for a 1 pg/mL
concentration and 30.31% cytotoxicity at 100 pg/mL.'*

PTX is considered an effective anti-cancer drug, but it
is insoluble and has a tendency to accumulate. The

combination of this drug by covalent and non-covalent
bonds with CNTs provides a new platform for cancer
therapy. An HA-Chitosan (CHI)-CNT-platform synthesis
was carried out by Yu et al'®' for pH-dependent controlled
release. At pH 5.5, the release of the drug from the
modified SWNTs was more than at physiological pH,
which could be due to the dissolution of CHI in the acidic
environment. According to investigations of the therapeu-
tic effect of the drug by A549 cells in vitro, LDH levels as
well as reactive oxygen species (ROS) amounts, CNT-CHI
-HA toxicity was high but was low in normal cells. Other
similar articles are available for pH PTX dependent-
release from CNT-CHL'%* Also, co-loading of two DOX
and PTX drugs on SWCNT (f-SWCNT) chitosan was
carried out by Karnati et al. According to the results,
f-SWCNT played an important role in reducing the bind-
ing of PTX and DOXs to a nanowire carbon nanofiltration
sidewall, increasing sensitivity to pH due to compacting
DOX/PTX-f-=-SWCNT compared to DOX/PTX-SWCNT
and more effective loading of the drugs. f~-SWCNT in the

submit your manuscript

1690

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Zare et al

acidic environment caused a reduction of the pH and the
protonation of chitosan and drugs leading to the controlled

release of drugs.'®

Saeednia et al'®?

prepared a new thermosensitive and
injectable carbon nanotube hybrid hydrogel for the con-
trolled release of methotrexate (MTX). Here, the hydrogel
was composed of B chitosan/B-glycerophosphate (B-GP)
that in the presence of chitosan, played a role in increasing
biocompatibility and biodegradability, and B-GP was
effective in facilitating the formation of the thermosensi-
tive hydrogel form. The presence of CNTs in this hydrogel
had several significant advantages: 1. The hydrogel con-
taining CNTs showed no-toxicity towards 3T3 cells. 2.
CNTs in the hydrogels were effective at increasing the
anti-tumor function of MTX and inhibiting tumor growth.
3. Another advantage was that CNTs played an important
role in increasing the rate of swelling and degradation of
the hydrogel. MTX was released from the hydrogel-CNT
slower and in a more sustained manner due to the addition
of CNTs to hydrogels, increasing bonds and producing
rigid structures leading to a slower release and more opti-
mal surface. In general, it can be said that CNTs enabled
the absorption and entrance of anticancer agents with
widely used applications, such as MTX, into cells by
reducing systemic toxicity and consequently preventing
drug effects on normal cells, as well as a controlled and
sustained drug release in tumor cells over a long period of
time, increasing the effect of MTX on tumor cells.

GEM has been considered as an anticancer agent for
a long time in non-small cell lung and pancreatic cancers.
From the clinical perspective, GEM has been limited
because of its short plasma half-life (17 min) and rapid
metabolism. These limitations lead to higher administra-
tion of significant drug doses that can cause severe side
effects. PEGylated-SWCNTs-GEM have solved some of
the limitations of the use of GEM by providing an ability
to penetrate cells, as well as the ability to load the drug
(37.32%), increasing its circulation time and reducing drug
accumulation in reticuloendothelial system (RES) organs,
including the liver. First, SWCNTs were functionalized
with PEG, and then GEM was loaded at the conjugated
surface with a sterile bond. At low pH (pH 5.0 and 6.8),
a faster release of a higher concentration of GEM com-
pared to pH 7.4 was observed by breaking the ester bonds.
Therefore, the peptide-PEG-SWCNTs-GEM conjugate cell
absorption by A549 and MIA PaCa-2 cancer cell lines

in vitro and in vivo (in the tumor bearing B6 nude mice)

showed increased antinuclear activity and decreased tumor
cell growth compared to native GEM.”

CNTs in Photothermal/Dynamic Therapy
One of the other recent strategies in oncology is photo-
thermal therapy (PTT). In PTT, photon energy converts
rapidly into heat to combat the tumor tissue. CNTs with
their excellent optical properties serve as a widespread
platform in PTT.'%*

In particular, one study produced a combination of
MWCNTs and silver nanorods for PTT since Ag nanorods
also have appropriate optical absorbance for PTT and
adding MWCNTs will increase cell penetration and dis-
persibility of Ag nanorods. A layer of PEG coated on the
nanoparticles and MWCNTs will further improve their
hydrophilicity and use in the body. Studies have shown
that after PTT on a murine melanoma cell line B16/F10,
histopathology showed cell necrosis of up to 70% and
60% for CNTs/Ag and CNTs, respectively.'”> The same
group tested murine melanoma tumor cells with surface
modified MWCNTs in which the CNTs were oxidized and
then treated with a layer of PEG. This time, cellular
necrosis using oxidized MWCNTs coated with a layer of
PEG showed more than 90% necrosis (at 1 mg/mL of each
sample injected into the tumor at a dose of 200 pL/cm? of
tumor volume), while the control group only showed 25%
necrosis after receiving an 808 nm continuous-wave NIR
laser at an intensity of 8 W/cm? for 10 min of therapy.'*
Another group of researchers focused on the effects of
using functionalized MWCNTs for PTT against glioblas-
toma cells. They synthesized MWCNTs functionalized
with distearyl phosphatidyl ethanolamine-PEG (DSPE-
PEG) to stabilize the nanotubes. PEG-DSPE are amphi-
philic block copolymers that can use their PEG terminal
group to attach to various ligands to prolong the circula-
tion time, better drug bioavailability and decrease undesir-
able side effects.'”” TEM analysis showed that the
MWCNTs penetrated tissue to a depth of 100 pm and
most of the nanotubes accumulated in the extracellular
space, but some MWCNTs were detected intracellularly.
Despite the fact that the NIR laser therapy alone did not
affect the spheroid tumor growth rate after 90-120 s,
spheroids treated with MWCNTs showed inhibition of
glioblastoma tumor growth after receiving NIR irradiation
under the same conditions (3 to 100 pg/mL).*’

Recently, the effects of using SWCNT-glycated chito-
san (GC) against 4T1 breast tumor cells while applying
irradiation at 1064 nm was found in a PTT process. GC
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acted in this study as an immunoadjuvant which triggered
the host immune cells to respond against the tumor cells.
This research also used a CoMoCAT® technique'®®

provide SWCNTs with silica-supported bimetallic cobalt-

to

molybdate catalysts. The increasing number of reactive
oxygen species (ROS) in cells was determined in order
to evaluate the direct effect of the SWCNTS-GC com-
pound on 4T1 tumor cells. Additionally, when the tumor
cells were co-incubated with a SWCNT-GC combination
for 12 h, then receiving radiation at 1064 nm, the tem-
perature increased in this group was reported to be higher
than the control group which only was irradiated at the
same wavelength. Interestingly, mice carrying 4T1 breast
tumors on their back was treated in two groups of laser
treatment only and lasert SWCNT-CG treatment when the
tumor size reached 300 mm®. After 5 days of treatment,
the results showed that the lung metastases in the group of
laser +SWCNT-GC was lower than the control group. On
the other hand, no significant decrease was observed for
lung metastases in the laser-only group than the control.'®”
Another group tested SWCNTs as absorbents of NIR
light. They synthesized SWCNTs and modified their sur-
face with annexin V (which is a specific target for phos-
phatidylserine) on murine bladder tumor cells. An in vivo
study showed that after 116 days, there was a 50% cure
rate on orthotopic MB49 murine bladder tumors treated
with an SWCNT-AV conjugate and NIR light.'"
Furthermore, an increase in photothermal therapy effi-
ciency when using SWCNTs was reported by adding phe-
noxylated dextran against inflammatory macrophages.'"!
Besides PTT, photodynamic therapy (PDT) can be used to
eradicate cancer cells. A photosensitizer absorbs light at
a specific wavelength leading to highly toxic reactive oxygen
species.''? In recent years, there have endeavors to merge PPT,
PDT and chemotherapy and the combination is called chemo-
photo therapy. In this sense, a study decorated PEG on
SWCNT. On the other hand, carbon quantum dots (CQDt)
with a mean diameter of 2.8 nm were produced using
a hydrothermal technique. Next, with the combination of
Fe;O4 and CQDt, Fe;04,@CQDt conjugated on PEG-
SWCNT formed a simultaneous tool for improved MR/fluor-
escence imaging. The resultant complex was a porous structure
such that DOX could be loaded on the complex. For the
specific targeting of cancer cells, an aptamer conjugated multi-
plex including SWCNT-PEG-Fe;04@ quantum dots/DOX-
Apt was prepared. When the multiplex was used in just PDT
therapy, even at the highest doses (60 pg/mL), 30% of the
cancer cells remained alive, but at the same dose, more than

95% of HelLa cells were destroyed by using a combination of
the chemo-photo therapy.''

An additional combinatory endeavor merged drug
delivery, magnetic resonance imaging (MRI) and optical
imaging with PTT. For this, a group of researchers synthe-
sized hyaluronic acid-modified SWCNTs, then conjugated
DOX on its surface, and finally added an MRI contrast
agent, gadolinium (Gd>"), through sidewall defects on the
SWCNTs. This provided a multiplex redox-sensitive com-
plex. The release of DOX from the multiplex at 10 mM
GSH in vitro was reported to be 19.9% for the first 4 h and
35.7% after 24 h. When the GSH concentration increased
up to 20 nM, which is the intracellular level reported for
tumor cells, the in vitro DOX release increased to 57.7%
and 80.2% after 4 h and 24 h, respectively.''

Another research study was conducted based on the com-
binatory nature to evaluate the capability of SWCNTSs both as
a non-covalent carrier and imaging agent simultaneously. This
study applied an aqueous two-phase extraction process to
provide two single-chirality SWCNTs. In addition, two ther-
apeutic compounds, PI3 kinase inhibitor (PX-866) and che-
mokine receptor type 5 (siCRRS), were attached to each
specific SWCNT chirality. It means that 7,5 and 7,6 chiral
SWCNTs were separated from raw CoMoCAT SWCNT
samples'® because at those values, the high yield (40%)
emission can be observed at 1035 nm and 1130 nm, respec-
tively. The internalization of each chiral SWCNTs was con-
firmed by NIR imaging to confirm the delivery of the drug
(PX-866) and gene (siCRRS) to targeted human HepG2 (hepa-
tocarcinoma) cells. The findings for assessing CCR5 siRNA-
mediated knockdown in HepG2 cells revealed that a much
lower expression of CCRS5 was observed than the natural
expression in the control sample after 48 h of transfection.''

It seems that in recent years, combinatory strategies are
gaining more and more attention. Trying to balance surface
functionalization, maintaining loading capacity, decreasing
the side effects of anticancer drugs with lowering doses,
using NIR irradiation to locally heat the cancer spheroids,
and designing stimulus-responsive systems are the priorities
of such endeavors in oncology studies.

CNTs as Carriers of Immunoactive
Compounds, Proteins, and Genetic

Materials

In another attempt to attack melanoma cells, researchers
have functionalized specific antigens on the surface of
CNTs. For such approaches, CNTs have been designed to
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possess geometries that can penetrate cell membranes.
Gangliosides are one of the elements in cell membrane-
associated domains, so MWCNTs with a length of 0.5 to 2
pm and a 20-30 nm diameter have been produced. Next,
the MWCNTs were oxidized and shortened to a length of
400 nm while carboxylic groups formed on the side walls,
and then amine groups formed on the MWCNT structure.
Finally, the GM-3 lactone mimetic antigen was functiona-
lized on MWCNTs to target melanoma human cells
(A357). The results verified that the functionalized CNTs
efficiently improved the inhibition of metastatic events
(such as adhesion, migration and invasiveness mediated
by antigen mimetics) in A357 cells.''®

Based on triggering antigen delivery to dendritic cells,
a MWCNTs-system was designed which modified nano-
tubes with mannose. At the first step, MWCNTs functio-
nalized with COOH groups, and then mannose was
inserted on their surface and finally, ovalbumin (OVA)
was loaded as a model antigen. The confocal images of
bone marrow-derived dendritic cells showed that their
uptake increased greatly when MWCNT-OVA was used
in their vicinity compared to the free OVA, probably
because MWCNTs have considerable internalization abil-
ity through passive mechanisms. Furthermore, the cellular
uptake surged more when using modified MWCNT-OVA
with molecular mannose since mannose facilitates the
binding between MWCNTs and dendritic cells through
ligand/receptor interactions.'!”

While researchers continue to merge various strategies
to attack tumor cells, a study established an MWCNT-PEG
system and used the CREKA peptide as the targeting
moiety on the surface because it has an affinity for fibrin.
The central idea of the project was to amplify the anti-
tumor effect by satisfying two requirements. MWCNT-
PEG was functionalized with the CREKA peptide in the
circulatory system to moderate thrombosis in the tumor
vessels to possess a large amount of fibrin. Then, fibrin
will attract MWCNT-PEG modified with CREKA.'"®

Protein immobilization on CNTs has been used to pro-
duce a biosensor for detecting an analyte, but in research
conducted by Da Ros et al, MWCNTs were conjugated with
the recombinant form of human a-L-iduronidase which is
an enzyme. Mucopolysaccharidoses is a rare genetic dis-
ease in which the absence or deficiency of a-L-iduronidase
leads to a significant health situation, sometimes including
cognitive impairment. This study evaluated human fibro-
blast samples extracted from the skin of patients having
type 1 MWCNTs

mucopolysaccharidoses against

conjugated with laronidase (a human recombinant of o-
L-iduronidase). The results showed that not only could
CNTs enter the cells but also they retained enzyme activity
after internalization up to 48 h, which is important to miti-

gate the side effects of mucopolysaccharidoses.' '

Gene and Small Molecule Delivery
(RNA, DNA, and Genes)

So far, this review has covered the multi-dimensionality
properties of CNTs that make them suitable carriers and
even an optical agent to help in disease therapy and diag-
nostics. Here, we will further review what has been
achieved in gene delivery with CNTs in the last 5 years.
A class of non-coding RNAs that play a role in different
biological events are miRNAs. A study demonstrated that
functionalizing CNTs with such polymers (like polyethy-
lenimine (PEI) and polyamidoamine (PAMAM)) are
proper candidates for miRNA delivery to endothelial
cells in order to regulate a target gene (CDC25A), which
plays a role in regulating cell proliferation and in vitro
angiogenesis.”® They have reported that conjugating miR-
503 with functionalized MWCNTs leads to stabilizing the
miRNA against nucleolytic degradation.”® Exciting work
has focused on producing a device consisting of hollow
CNTs for carrying different macromolecules, nanoparticles
and DNA sequences ranging from 0.66 kDa to 3900 kDa
simultaneously to tens of thousands of cells with high
efficiency (the efficiency for plasmid DNA delivery was
reported at 84%) and with low cytotoxicity.'*

There have also been some efforts to combine drug and
gene delivery purposes through CNT vectors. For exam-
ple, research conducted by Cao et al functionalized
SWCNTs with polyetherimide (PEI) conjugated with
betaine (PB). If we are allowed to call this multiplex as
mentioned in the original article as SWCNT-PB “(SPB)”,
it can be said that this provides a great pH-responsive
lysosomal escape ability for siRNA. The SPB surface
was further modified with a BR2 peptide to enhance its
tendency for siRNA. Finally, the DOX-SPBB-siRNA pro-
duced was tested against an A549 cancer cell line. In vitro
results demonstrated that the apoptotic rate for free
siRNA, SPB and SBP-penetrating peptide BR2 (SPBB)
was 2.0%, 11.7% and 24.4%, respectively. The tumor
inhibition in vivo (tested in a murine model bearing
A549 tumor cells) for DOX-SPBB (5 mg kg ' of DOX)
vs DOX-SPBB-siRNA (containing 2 mg kg ™' of siRNA)
was reported to be 48.31% and 69.22%, respectively. The
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main goal of adding siRNA to the anticancer drug (DOX)
for delivery with SWCNTs was to silence the expression
of surviving proteins to prevent the normal apoptotic cycle
in cells'?' (Figure 2).

Another example of these synergistic effects was tried
in a study that synthesized functionalized SWCNTs with
PEG and PEI conjugated with an aptamer to co-deliver
a low dose DOX and Bcl-xL shRNA to gastric cancer cell
lines. Results showed that the presence of an AS1114
aptamer in a multiplex consisting of Apt-SWCNT-PEG
-10-10%-PEI/pBcl-xLL shRNA can reduce the expression
of Bel-xL up to 104.4% while the multiplex without apta-
mer (SWCNT-PEG-10-10%-PEI/pBcl-xL shRNA) showed
a lower decrease of 76.1% in Bcl-xL expression in L929
cells after 72 h. An advantage of their work was that they
could lower the dose of DOX to 100 nM, which is 58-fold
lower than the IC50 doses calculated for free DOX to
reduce the anti-cancer drug’s side effects significantly.
The results demonstrated that decreases in cell viability
for AGS cells against free DOX and SWCNT-PEG-PEI
/pBcl-xL sShRNA-Apt were 77% and 45%, respectively.®’

However, using CNTs as deliverer of siRNA is not
restricted only to animal cell studies. For example,

DOX-SPBB-siRNA
“\*\%",‘

A%

research conducted by Landry et al practiced SWCNT as
an effective platform for post-transcriptional gene silen-
cing in intact cells of mGFP5 Nicotiana benthamiana
plants. In this study, siRNA loaded on pristine SWCNTSs
by probe-sonication technique and two sets of single
stranded siRNA included both sense and antisense strands.
Those SWCNTs, purchased from Nanolntegris, showed
the average length size of 776 nm while the other group
of SWCNTs got shorter to the mean length of 250 nm
through further probe-tip sonication process. The interna-
lization efficacy was investigated for both groups of NPs
in GFP benthamiana cells. So, the shorter nanotubes had a
lower efficacy of 47% compared to the acceptable rate of
70% for the longer SWCNTs. The silencing studies con-
firmed that the optimal amount for silencing mGFP5 is
100 nM of siRNA on 2mg/L SWCNTs.'*

Moreover, in plant studies, a plant genetic engineering
technique suggested applying SWCNTs to selectively
carry plasmid DNA into chloroplast of various plant spe-
cies without any need for chemical or biolistic aid. So,
chitosan-complexed SWCNTs was loaded with pDNA
prepared for this study and the pDNA unloading mechan-
ism was studied in the basic environment of pH 8, which is

Figure 2 Schematic illustration of DOX-SPBB-siRNA nanocarriers for treating lung cancer cells.
Notes: Reprinted with permission from Cao Y, Huang HY, Chen LQ, et al. Enhanced Lysosomal Escape of pH-Responsive Polyethylenimine—Betaine Functionalized Carbon
Nanotube for the Codelivery of Survivin Small Interfering RNA and Doxorubicin. ACS Appl Mater Interfaces. 2019;11(10):9763—-9776. Copyright © (2019) American Chemical
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similar to the chloroplast stroma. It seems that SWCNT-
pDNA follows the lipid exchange envelope penetration
(LEEP) model in which the prevalent factors for the deliv-
ery of NPs for penetration into cell membranes and chlor-
oplast are size and surface charge. Therefore, by tuning
different physical and optical properties, the research
could target various plant species including mature aru-
gula, mature wild-type watercress (V. officinale), spinach
(S. oleracea) and tobacco (N. tabacum) plants.'*

Moreover, it has been suggested to combine gene
delivery and a stimulus-responsive strategy to make
a photoactivable RNAi for cancer gene therapy. In this
research, SWCNTs functionalized with PEI acted as
a stimulus-responsive nanocarrier. On the other hand,
anpHSP-shT was used as an Hsp70B-promoter-driver
RNAI By irradiating with NIR light, PEI-
SWCNTs started to heat, and then activated the gene
knockdown targeting human telomerase reverse transcrip-
tase by RNAi.'**

Pantarotto et al synthesized a first generation of ammo-

vector.

nium f-CNTs using it for mammalian cell pDNA delivery.
Here, ionic interactions were established between the posi-
tive charges of ammonium f-CNTs and phosphate groups
of pDNA, and the expression level of the -galactosidase
marker in the CHO cells was about 10 times greater than
when the naked pDNA was observed.'”> In fact, it is
believed that the cationic groups in CNTs bound to the
membrane of the cells and facilitated their passage through
the cell membrane.

Furthermore, Hu et al used SWCNTs for vaccine
(recombinant plasmid pcDNA-ORF149) delivery against
Koi herpesvirus (KHV) in fish. According to the analyses
on the expression levels of mRNAs related to cytokine
(cxca, il1P) interferon-stimulated genes (mx1, vip2), this
study concluded that higher expression levels were
achieved when SWCNT-p149 was applied in carps com-
pared to free p149 vaccine.'*®

Also, Hashem Nia et al produced PEI-disulfide-SWNT
conjugates and showed a 1500 time increase in transfection
efficiency reducing toxicity compared to PEI 25 kDa. In fact,
they designed a library of 15 different carrier types, consisting
of the conjugation of SWNT and PEIs through different
spacers and oxidative disulfide bonding, and concluded that
the presence of bioreducible disulfide bond leads to the pro-
duction of vectors that after placing it inside a cell, converts it
to small molecules to reduce toxicity. Most studies conducted
on the use of CNTs use an easy-to-transfect-cell line and there
are very few studies on the in vivo environment.'?’” In addition

to studies on easy-to-transfect cell lines, some studies have
been carried out on mammalian primary cells including fibro-
blastic cells, which are also part of the hard-to-transfect cells,
and embryonic cells and through further study obtained useful
results on the effect of gene delivery to these cells; more hope
for the combination of gene carriers with CNTs in vivo results
from such work.

Munk et al'*® synthesized COOH-MWCNTs and added
them to bovine primary fibroblast cells in order to release the
pDNA encoding a green fluorescent protein gene. They
concluded that these COOH-MWCNTs-pDNA led to suc-
cessful transfection into the primary cells and as such, a less
toxic transfection method was developed. Furthermore,
a study showed that MWCNTs with diameters of 20—40
nm and lengths of 40-60 um can be proper carriers for the
delivery of pDNA into in vitro fertilized bovine embryos.
The results demonstrated that MWCNTs did not affect the
degeneration rate and gene expression related to cell
viability.'*® Also, efficient pDNA transfer to primary cells
is still limited and there is a high need for further studies on
the maintenance of DNA from degrading enzymes and
reducing toxicity and damage to normal cells in vivo.
Table 5 reviews other articles similar to those mentioned
earlier concerning CNTs specifically used for various mole-
cular delivery applications.

Other Applications (Tissue
Engineering, Sensors, and Infectious

Diseases)
What has been discussed so far are certainly not the only
applications of CNTs in medicine. CNTs have also been

used in microﬂuidics,130

tissue engineering, sensors, and
infectious diseases as described below.

In the tissue engineering discipline, it has been sug-
gested that a composite made of hydroxyapatite and
MWCNTs filled with iron can improve bone tissue forma-
tion to develop an implant that can withstand orthopedic
mechanical loading. A study reported that the compressive
strength and Young’s modulus of HA-Alg/MWCN+Fe

131 \hile those values

were 168 and 740 MPa, respectively,
are reported to be 141 and 338 MPa for male human
cortical femur bone and 118 and 404 MPa for female
human cortical femur bone.'*? It seems that a composite
made of Alg/MWCNT+Fe can fill bone defects with dis-
tinctive geometries considering the advantages of the pro-
longed release of chlorhexidine as a model from the

.. 131
composite. 3
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Table 5 Other Examples of CNTs Used for the Delivery of Molecules

CNTs Molecules Functional Group Particle Size Release In Ref.
Control vitro/
in vivo
SWCNTs Carnosine Modified with PEG at the lysine residues via | — - - [172]
dipeptide amide bonds
SWNTs DOX Modified with oxidative acid and PEG-g-PEI Diameter 1-2 nm, length [-3 nm, SSA 380 mZ/g Acidic pH In vitro [173]
MWCNTs | DOX Functionalized with (TAT)-chitosan - - In vivo, [174]
(MWCNTs-TC) in vitro
SWCNT DTX Functionalized with iron oxide NPs and ~ 15-50nm External In vivo, [175]
coated by PLA co-mPEG micelles magnetic in vitro
fields
SWCNT EGFP Functionalized with streptavidin ~ 200 nm in length Light- In vivo, [176]
(nEGFP) responsive in vitro
MWCNT Zolpidem Modified with D-glucose (Gl) Diameter of MWCNTCOOH 10 nm, 27 nm in In vitro [177]
(ZM) MWCNT-GI
SWNTs DOX Non-covalently functionalized with PL-PEG ~ | nm and ~1.2 nm inner and outer diameters, | NIR In vitro [178]
50-200 nm PEG-coated SWNTs irradiation
MWCNT DTX Chitosan-folate (CHI-FA) conjugated ~ 230 to 483 nm in length - In vivo, [179]
MWCNT in vitro
MWCNTs | Antigenic Modified with lentinan 9—10 nm in diameter, |-2 um in length - In vivo, [180]
protein in vitro
(OVA)

There are also endeavors to apply CNTs to stem cell
studies. It has been shown that CNTs can improve the
differentiation in stem cells and be formulated to create
features like natural neurological tissues. A study used
hydrophobic and hydrophilic CNTs impregnated with sub-
ventricular zone neural progenitor cells (SVZ NPCs) to
help the healing process in a murine model after stroke.
The findings showed that hydrophobic CNTs could
improve the rat behavior and decrease the cyst volume in
comparison with the controls (no
a hydrophilic CNTs-SVZ NPC group.'*?

In addition, the effectiveness of polypyrrole (PPy)

treatment) and

films on a platform made of MWCNTs grown out of
anodized nanotubular titanium (MWCNT-Ti) was high-
lighted in a smart drug delivery system. PPy is
a conductive polymer which can hold drugs such as anti-
biotics (penicillin/streptomycin) or anti-inflammatory drug
(dexamethasone) and release them by electrical stimula-
tion, on-demand and remotely. The findings through cyclic
voltammetry confirmed that up to 80% of the drugs were
released whenever five cycles of sweep voltages were
applied at a scan rate of 0.1 V s~'. Additionally, the PPy-

drug films increased osteoblast (bone-formation) adhesion

in vitro."** Thus, just from these examples, one can see an
incredible future for the use of CNTs across all medicine.

Other Nanotubes

When carbon nanotubes were introduced, a new paradigm
emerged in synthesizing nanotubes as hollow closed struc-
tures from reactive metal and non-metal rim atoms. This
new approach suggested methods to folding nanolayers of
2D material into 3D tubular hollow structures, such as it
produces more energy to compensate for the elastic energy
of folding. The primary rationale behind nanotubular synth-
esis relies on the intrinsic instability of nascent 2D crystal-
line layered structures in the planar form."** Other nanotube
structures that have been introduced are metal-organic fra-
mework (MOF) nanotubes, mono and mixed metal oxide
nanotubes, and halloysite nanotubes. MOFs consist of
organic-inorganic hybrid coordination networks in which
the surface area, pore volume, pore size and their function-
ality can be tuned accurately. MOFs are composed of metal
ions bridged by organic (polymeric) ligands.'*® For instance,
Wei et al provided a single-crystal metal—organic framework
as an elongated tubular capsule that can deliver large
amounts of sulfur and iodine within its structures. In this
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research, an iron-nickel-based single crystal MOF provided
from transformations at the molecular level of a crystal
structure. They have used non-hollow nanocrystals of FeNi-
MIL-88B as the in hot N,
N-dimethylformamide."*” Other reports such as'*®

self-templated agent
show
that nanotubular topography improves the bioactivity on
titanium implants. In addition, this report demonstrates that
TiO, nanotubes facilitate the process of osteogenesis in a
rabbit model, so TiO, nanotubes are favorable coatings in
terms of enhancing the performance of endosseous
implants.*® Another class of nanotubes which have been
widely studied are halloysite nanotubes which have alumi-
nosilicate structures that can be functionalized with various
compounds such as organosilanes, polymers, biomacromo-
lecules, surfactants and other nanomaterials both on their
inner lumen and outer surface for different applications.'*
For instance, chitosan modified halloysite nanotubes have
been applied as a carrier of norfloxacin, an antibacterial
drug. This nanocomposite showed acceptable antimicrobial
effects and biocompatibility in cytotoxicity studies. These
hollow structures also could sustain drug release from the

carrier during in vitro investigations.'*’

Toxicology and Environmental

Concerns

Although the ability of CNTs is undeniable in medical
research, especially as useful drug and gene nanocarriers,
the failure to reach a definitive conclusion about their toxi-
city has prevented a futuristic positive opinion for the use of
CNTs to enter clinical trials. The biocompatibility of CNTs
and their possible harmful effects on cells has attracted much
attention from researchers because, in recent years, with the
ever-increasing use of CNTs in medicine and their greater
presence in the environment, there is a significant proposed
relationship between CNTs and some diseases, including
respiratory and skin diseases."*''* Importantly, CNTs
have the ability to accumulate in tissues (like the heart,
spleen, brain, and others) as well as producing oxidative
stress and damage to healthy cells."**'*> But today, it is
known that CNT properties (such as physical dimensions,
area, dose, ratio of length to diameter, time, purity and the
presence of chemical agents bound to the surface), each one,
in turn, can improve CNT cytotoxicity; one simply needs to
pay attention to those properties. All CNTs are not the same
and, thus, they should not all be painted with the same
toxicity profile, a lesson some have still not learned.

Effect of Length and Diameter on CNT
Toxicity
The length and diameter of CNTs impact how well they
penetrate the membranes of macrophages or are internalized
in cells. For example, shorter MWCNTs (ranging from 100
to 600 nm in length) indicated a lower level of cytotoxicity to
human umbilical vein endothelial cells (HUVECs) compared
with longer (ranging from 200 to 2000 nm) MWCNTs.'* It
was found that most longer MWCNTs promoted a higher
depletion of intracellular GSH and oxidative stress.'*®
Different diameters (thicker versus thinner) and
rigidity (determined by the length and diameter of
CNTs) can be influential to cellular toxicity. For exam-
ple, Cifuentes-Rius et al compared the accumulation of
flexible (fCNTs, 1-5 pm long and 15 nm in diameter)
and rigid and shorter CNTs (rCNTs and s-rCNTs, 5-9
pm long and 110-170 nm in diameter) using ex vivo
fluorescence imaging in each organ of a mouse with
in vivo imaging. They concluded that fCNTs were
more likely to accumulate in organs and form a toxic
tangle in solution®” (Figure 3). Regarding the length of
MWCNTs, several studies have shown that CNTs with
longer lengths and larger diameters have greater toxicity
than smaller ones.>* Another group has also shown that
short CNTs do not result in damage to cells. Despite the
fact that most studies have shown that longer and wider
CNTs lead to greater toxicity, some researchers have

found the opposite.*®*’

The Effect of CNT Aggregation

CNTs are foreign agents after entering the living body and
the immune system can be activated attempting to phagocy-
tose them via immune cells, including macrophages. The
results can be an extensive inflammatory reaction and fibro-
sis. As already mentioned, CNT aggregation in tissues (like
the heart, lung, brain, and others) can produce oxidative
stress and damage to healthy cells. Principi et al used
in vivo systematic models in different organs (eg, the liver,
kidney, spleen and lung) to monitor CNT aggregation. They
explained the transient aggregation of SWCNTs (2-5 pm in
length and 1.2 nm in diameter) in the kidney, spleen and
lungs of CD1 mice, but the liver was the favored organ for
the aggregation of CNTs, which can cause inflammation and
oxidative stress. In general, the results from the aggregation
of CNTs in the liver over the long-term show that caution

should be used for CNT applications.'*’
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Figure 3 In vivo biodistribution of fluorescent-labeled rCNT (Al and A2) and fCNT (Bl and B2) in mice.
Notes: Reprinted with permission from Cifuentes-Rius A, Boase NRB, Font |, et al In Vivo Fate of Carbon Nanotubes with Different Physicochemical Properties for Gene
Delivery Applications. ACS Appl Mater Interfaces. 2017;9(13):11,461-11,471. Copyright (2017) American Chemical Society.”

Effect of CNT Functionalization

The functionalization of CNTs has a beneficial effect on
better dispersion in solution and decreases in toxicity as
well as increases in bioaccumulation and purification. For
example, macrophages exposed to poly(dopamine) (PDA)-
functionalized MWCNTs improved aqueous dispersibility
and their versatility and decreased the production of inflam-
matory factors and cytokines."*® CNTs functionalized by
DOX (CNT-DOX) established lower organism toxic effects
compared to free DOX, and also decreased the toxicity of
DOX on the general indicators of blood in vivo.'*’ Table 6
lists some of the best ways to reduce the toxicity profile of
CNTs both in vitro and in vivo.

However, it is critical to note that it has been very
difficult for the scientific community to reach a consensus
in CNT toxicity because of faults of the studies themselves.
For example, the literature often presents in vivo toxicity
profiles of CNTs introduced into animals that do not resem-
ble how they would enter the body in real life. More dis-
turbingly, many studies do not even accurately characterize
the purity and other material properties emphasized in this
review which clearly have an influence on CNT toxicity.
Until we have studies that accurately characterize the mate-
rials being tested and mimic the ways in which CNTs would
enter the body in “real life”, the promising properties of
CNTs will never reach the clinic.

Conclusions and Future Directions
Drug/gene delivery is one of the most widely used applica-
tions of CNTs in biomedicine. In recent years, various solu-
tions have been proposed for loading small molecules, such
as anticancer drugs, on nanotubes in the form of covalent
bonds or non-covalent absorption. Aromatic molecules can
also be adsorbed onto the surface of nanotubes by n-7 bonds;
for example, the binding of DOX through n-n bonds to
PEGylated CNTs.'” Cellular uptake and its internalization
mechanisms are affected by different physicochemical prop-
erties of CNTs and the type of cell itself. CNTs are able to
act as carriers of anticancer molecules, including docetaxel
(DTX), doxorubicin (DOX), methotrexate (MTX), pacli-
taxel (PTX), and gemcitabine (GEM), etc. The unique prop-
erties of CNTs also enable them to efficiently deliver pDNA,
siRNA, and miRNA.

Compared to drug/gene delivery system-based biode-
gradable organic materials, CNTs may not have noticeable
benefits if they are simply applied as drug/gene carriers,
since they hardly degrade when made conventionally.
However, if not created correctly, CNTs have the ability
to accumulate in tissues like the heart, spleen, brain, and
others, as well as produce oxidative stress and damage to
healthy cells. Hence, the possible toxicity of CNTs is
a major concern raised with regard to biomedical applica-
of CNTs. On the hand, surface

tions other

submit your manuscript

1698

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Zare et al

Table 6 Cell Viability and in vivo Toxicity Results for Various Concentrations of Functionalized-CNTs

Types of Functionalized CNTs In vito/in vivo

Cell Viability/in vivo Results

Concentration of CNTs Ref.

nude mice

Model (ng/mL)
FA- MWCNTs Hela cells >90% - [991
MWCNT-COOH HEK 293 cells 91.96/47.78% 25 1ig/mL/300 pg/mL [181]
MWCNT-COOH Zebra fish embryos Non-significant decrease in survival rate - [181]
PLL-CNT@PDA film, PLL-CNT-COOH RAW?264.7 cells No viability changes in cells - [148]
film
SWCNT-PB (SPB) 293T and A549 cells >80% 50 pg/mL [121]
Tangled oxidized multi-walled CNTs Wistar strain rat Low toxicity and long-term biopersistence of the t-ox- <100 pg [182]
(t-ox-MWCNTs) MWCNTs in vivo
PEGylated SWNT 8-12 to week-old Toxicity of high doses was not observed in nude mice 151 mg of PEG-SWNT [183]

functionalization and modification of CNT physical prop-
erties are effective ways to reduce their cytotoxicity.
Various in vivo toxicological studies have shown that the
functionalized CNTs can be established as improved low
non-functionalized CNTs.
Functionalization of CNTs with lipid head groups is just

toxic nanomaterials over
one way to solve their toxicity concerns. It also makes
them easier and faster to move inside the body, reducing
the risk of clogging vital arteries, making it a great choice
for use as a carrier."*® In general, the use of CNTs has not
yet been tested in the human body, and their use for
clinical applications is still early, but there is no doubt
that these carriers are promising for numerous medical
applications and require further research.

In general, it is necessary to have an accurate under-
standing of the pharmacological and toxicological proper-
ties of CNTs before using them in clinical applications.
The optimal performance of CNTs for specific biomedical
applications should be considered, whereas surface chem-
istry is designed to minimize toxicity. Parameters such as
distribution, aggregation rate, and clearance pathways for
CNT-based drug/gene delivery systems should also be
considered.

Expert Opinion

In recent decades, nanomaterials have attracted significant
attention from researchers, arguably the most attention of
any material category. Hence, nanomedicine has signifi-
cantly expanded during recent years. Among other nano-
materials, CNTs as an allotrope of carbon have been able
to attract great interest in this field of research because of
attractive physicochemical and structural properties. The

intrinsic properties of CNTs have led to a large quantity of
research studies. These studies have attempted to use
CNTs as promising candidates for numerous biomedical
applications, and make them suitable for medicine, includ-
ing serving as drug delivery systems, gene delivery and
gene therapy vectors, bioimaging, diagnostic applications,
biosensors, and vaccine delivery. The electrical, optical,
mechanical and thermal properties of CNTs make them
a very attractive material for the detection and therapy of
cancers and other diseases.

One of the most important biomedical applications of
CNTs is their use as drug delivery and gene delivery which
is the topic of this review. This review, in which a wide
range of research studies especially from the years
2016-2020 were discussed and is an update on our pre-
vious work regarding drug delivery and gene delivery
applications of CNTs. The internalization of CNTs by
cells is not a monotonic process and can be both a plus
and negative for CNTs. They can be internalized through
passive or active uptake mechanisms to delivery drugs and
genes. The needle-like shape of CNTs allows them to
directly transfer to cell membranes through a passive
mechanism. Also, CNTs can be taken up by cells via
endocytosis pathways which is an energy-dependent
mechanism unlike the passive pathway. The structural
and surface features of CNTs are the most influential
factors in the behavior of CNTs towards cells; hence, the
biological effects of these factors need to be investigated.
Optimization and modification of these characteristics can
lead to success in delivering different drugs and genes.
However, the ability of CNTs to enter cells can also be
of unwanted toxicity.

a disadvantage in terms
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Nanotoxicology aspects of CNTs (including environmental
effects) need to be fully studied. Regardless of the knowl-
edge acquired in recent years on nanotoxicology, scientists
have not yet been able to precisely forecast the behavior
and biokinetics of CNTs.

As a future perspective, the advantages and disadvantages
of CNTs should be weighed against that of other drug delivery
systems since each of these systems has pros and cons con-
sidering the type of disease, delivery path, drug molecule
properties, and DNA sequence. Regardless of recent advances
in the field of nanotoxicology, there is still a need to assuage
concerns regarding the probable toxic effects of CNT applica-
tions in medicine, and for that, we all need to design better
experiments to provide definite answers.
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