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Abstract The breast cancer is one of the most common cancer affecting millions of lives
worldwide. Though the prevalence of breast cancer is worldwide; however, the developing na-
tions are having a comparatively higher percentage of breast cancer cases and associated com-
plications. The molecular etiology behind breast cancer is complex and involves several
regulatory molecules and their downstream signaling. Studies have demonstrated that the
CD44 remains one of the major molecule associated not only in breast cancer but also several
other kinds of tumors. The complex structure and functioning of CD44 posed a challenge to
develop and deliver precise anti-cancerous drugs against targeted tissue. There are more than
20 isoforms of CD44 reported till date associated with several kinds of tumor in the using breast
cancer. The success of any anti-cancerous therapy largely depends on the precise drug delivery
system, and in modern days nanotechnology-based drug delivery vehicles are the first choice
not only for cancer but several other chronic diseases as well. The Carbon nanotubes (CNTs)
have shown tremendous scope in delivering the drug by targeting a particular receptor and
molecules. Functionalized CNTs including both SWCNTs and MWCNTs are a pioneer in drug de-
livery with higher efficacy. The present work emphasized mainly on the potential of CNTs
including both SWCNTs and MWCNTs in drug delivery for anti-cancerous therapy. The review
provides a comprehensive overview of the development of various CNTs and their validation
for effective drug delivery. The work focus on drug delivery approaches for breast cancer, pre-
cisely targeting CD44 molecule.
Copyright ª 2019, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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CD 44 and role in physiology

CD44 a transmembrane glycoprotein associated with
several vital functions, including cell division, migration,
adhesion, and signaling.1 Over the last few decades, the
role of CD44 has been extensively studied in context with
cancer not only breast but much other cancer as well. In
several research findings have demonstrated altered
expression of CD44 and malfunction during inflammation
response and cellular damage.2 A preponderance of
research data demonstrated overexpression of CD44 in
many diseases, including cancer, autoimmune disorders,
and inflammatory diseases.3e6 CD44 antigen present on the
cell surface plays a vital role in cellecell interaction and
downstream signaling. Additionally, CD44 also involved in
cell adhesion and migration. CD44 protein encoded by the
CD44 gene located on chromosome 11 in human. CD44 gene
encodes CD44 antigen among various mammalian cells and
exit as several isoforms. Existence of various isoforms of
CD44 antigen is the result of splicing events during matu-
ration of mRNA.7 CD44 participates in a wide variety of
cellular functions including lymphocyte activation, recir-
culation and homing, hematopoiesis, and tumor metastasis.
Credit goes to Oxley and Sackstein, 1994 in the under-
standing the biology of CD44 interaction.8 CD44 is a re-
ceptor for hyaluronic acid (HA) and can also interact with
other ligands as well such as osteopontin, collagens, and
matrix metalloproteinase (MMPs).9 Additionally, post-
translational modifications control CD44 functions and
suggested post-translational modifications facilitate the
transition of CD44 isoforms.

As a cell surface adhesions molecules, CD44 proteins
associated in cellecell and cellematrix interactions
expressed ubiquitously.10 Various isoforms of CD44 encoded
by a single gene as a result of spicing mechanism precisely
alternate splicing. Additionally, the multiple isoforms also
result in several other post-translational modification
events.11 The role of CD44 in various diseases and its as-
sociation in physiological functions studied in last few
decades.12e15 The complex structural insights and interac-
tion with native ligand hyaluronic acid studied for the
unique association between ligandereceptor complexes.16

CD44 is highly promiscuous and interact with several
other ligands including osteopontin (OPN), chondroitin,
collagen, fibronectin, and serglycin/sulfated proteoglycan.
Involvement of CD44 in various physiological events is
largely due to its affinity with multiple ligands addition to
native one, i.e. HA.17e21 However, preponderance research
studies and scientific data demonstrate that HA most spe-
cific and robust ligand for CD44. Further, all the CD44 iso-
forms have shown an affinity for HA in altering magnitude.22

Apart from HA, other ligands have limited affinity for CD44
shows association in limited cellular functions. Expression
of CD44 and outrage of various isoforms as a result of
alternative splicing and post-translational modifications
actively regulate various cellular signaling molecules
including Hippo signaling, b-catenin, TGF-b, Emmprin
(CD147), Matrix metalloproteinases and STAT3.23

In human CD44 gene is composed of 19 exons encoding
several isoforms of CD44 as a result of alternative splicing.
The standard CD44 (85e95 kDa) encoded by first five and
last five exons.24 The role of CD44v3, CD44v5, and CD44v6
isoforms in breast cancer for metastasis was studied.25

Further, few other CD44 isoforms including CD44v5,
CD44v6, and CD44v7-8 reported linked with lymph node
metastasis.26 The role of CD44 among various metabolic
pathways remain complex however, standard CD44 and
CD44s trigger Wnt/b-catenin signaling pathways. CD44 and
inflammatory response are closely associated.27 On the
contrary, several cytokines including TNFa and IFN3
modulated CD44-9v and CD44-6v expression. Additionally,
cytokines, including IL-1, IL-4, GM-CSF, or TGF/~ have a
minimal effect of CD44 expression (CD44-9v and CD44-
6v).28 The study also demonstrated that CD44s activates
TGF-b signaling pathway associated with several cellular
functions, including the control of cell growth, cell prolif-
eration, cell differentiation, and apoptosis.29 Anti-
apoptotic event is essential to control tumor develop-
ment, and CD44/CD44v6 reported promoter of anti-
apoptotic proteins.30 The role of CD44 in energy harvest-
ing metabolic pathways was studied and reported it con-
trols glucose metabolism in various tumor cells including
prostatic SCNC. The study also demonstrates CD44 alters
glycolytic enzymatic activity and providing ideal environ-
ment for tumor cells.31 However, there is limited study
demonstrating precise role of CD44 isoforms in human
physiology and cancer progression.
CD44 and cancer

CD44 role in the development of various kinds of tumor and
cancer has been studied extensively during the last few
decades.32 Studies have demonstrated that CD44 involve-
ment in several metabolic pathways and physiological
events associated with tumor development.33 CD44 is a
multi-structural and multifunctional cell surface receptor
molecule associated in cellular events including cell pro-
liferation, cell differentiation, cell migration, angiogenesis,
and presentation of inflammatory mediators such as cyto-
kines, chemokines, and growth factors to the corresponding
receptors.34 CD44 also involved in the recruiting of pro-
teases at the cell membrane, as well as in signaling for cell
survival.35 Under normal circumstances, these physiological
properties regulate normal cellular development and
maintain homeostasis.36 On the contrary, the CD44 fail to
deliver the mentioned function in tumor and a cancerous
cell. Quere et al, 2011 have studied overexpression of CD44
gene result in high levels of the adhesion molecule CD44
resulting leukemia.37 As mention earlier, CD44 possess an
affinity for several ligands and mediated carcinogenesis in a
differential manner. Fujita et al, 2002 studies the molec-
ular mechanism behind CD44 mediated carcinogenesis.38

The HA is a complex signaling cascade where the affinity
of HA with the CD44 result in tyrosine phosphorylation and
activation of FAK linked with PI3K. The study also suggested
that cells expressing CD44 develop resistant against
induced apoptosis precisely via etoposide.39

Brown and colleagues demonstrated that a higher
chance of isoforms transition of CD44 in tumor cells de-
velops various kinds of tumor and cancers.40 Another study
demonstrates an additional peptide as a result of CD44
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isoforms mechanism at the juxtamembrane domain
involved in signaling conformational modulation by
providing affinity surface for inflammatory molecules,
including cytokines and growth factors.23 The prevalence of
cancer in pancreatic tissues is a classic example of over-
expression of CD44 and its isoforms. CD44v6, a dominant
variant of CD44 in pancreatic cancer tissues, reported.41

CD44 overexpression and isoforms frequency studied for
its role in metastasis as well in pancreatic cancer, tissues.42

The expression of CD44 and its variants do not alter during
treatment with inflammatory molecules and growth factors
like bFGF, EGF, TNFa, and TGF-b1. The overexpression of
CD44 was reported in prostate cancer as well with 42% of
PCa, 57% of HGPIN, and 42% of BPH tissues.43 Moura et al,
2015 studied the expression profile of standard and variants
forms of CD44 related to prostate cancer behavior.44

In a subsequent study, Hernandez et al, 2015 confirmed
the altered expression profile of CD44 isoforms in prostate
cancer using flow cytometry andWestern blot analysis.45 The
small interfering RNA molecules (siRNA) were implemented
in studying the functional role of CD44 isoforms variant
CD44v6 in prostate cancer cells Ni et al, 2014. Here, in a
knock-down study of CD44 variant CD44v6 result in loss of
EMT markers and significant reduced tumorigenic potential,
tumorsphere formation, and enhanced chemo/radio sensi-
tivity.46 The role of microRNA as a negative regulator for
CD44 expression was studied. Down-regulation of several
microRNA including miR-34a, miR-106a, miR-141, and let-7b
in stem/progenitor cells which expressed CD44.47 Further, a
few microRNAs, including miR-301 and miR-452 were re-
ported overexpressed in CD44-positive cells. In the head and
neck squamous cell carcinoma (HNSCC) cell lines another
variant of CD44, i.e. CD44v3 was evaluated and reported
higher level than normal expression values.48 The broad
substrate affinity of CD44 and its expression subsequently
was studied in tumor cell proliferation. Delta Np-63 directly
regulates CD44 expression potentiated EGFR activation and
the expression of ABCC1 multidrug transporter gene which
contributed to tumor cell proliferation and chemoresistance
in HNSCC.49 A detailed mechanism for CD44 association with
cancer development proposed in Fig. 1.

Research studies demonstrate that altered/abnormal
expression of CD44 isoforms largely CD44v6 and CD44v10
associated in onset and progression of colorectal adeno-
carcinoma.50 The CD44 variant CD44v6 shown increased
expression in the presence of inflammatory cytokines HGF,
OPN, and stromal-derived factor 1a (SDF-1) in CSE and
activated the Wnt/b-catenin pathway indulge in migration
and metastasis.51 Additionally, a few CD44 variants were
reported altered functional role in the growth of tumor.52

The finding support concept that each of CD44 variant in-
volves in tumor progression. This is mainly due to the pro-
miscuous nature of CD44 develops an affinity for various
ligands and hence deliver distinct function. However, the
expression pattern and extent both play a vital role in drug
resistance. In a study, it was reported that cells are having
overexpression of CD44v6 treated with standard chemo-
therapeutic drugs shown significant higher viability and
clonogenicity in colon cancer over cells which lacks
expression of CD44v6 variants.53

CD44 represents a class of cell surface adhesion
glycoprotein plays a vital role in cellecell interaction.
Role of CD44 in cancer development is well studied pre-
cisely metastatic determinant.23 Further, the role of CD44
in breast cancer involves several factors, including CD44
expression pattern, CD44 splicing events, HA binding af-
finity, CD44 isoforms, DNA methylation events, and met-
alloproteinase. HA as a native ligand for most of isoforms
of CD44 alters cell signaling that enhances cell adhesion,
migration, and proliferation. Bourguignon et al, 2009
demonstrated that HA binding with CD44 results in
expression of p glycoprotein (multidrug-resistant gene)
along with Bcl (anti-apoptotic gene) in breast tumor cell.
The study further concludes the expression of p glyco-
protein and Bcl results in proliferation and survival of
tumor cell.54 Another study shows that in breast tumor cell
expression of serglycin and CD44 core proteins increase by
several folds promote cancer progression.55 Expression of
CD44 is highly dynamic and reported a transition between
its isoforms CD44v to CD44s during alternative splicing
promote breast cancer development.10 Nam et al, 2016
reported CD44 silencing significantly reduces consumption
of glucose, ATP production and lactate production by
cancer cell.56 Further, b-catenin and AKT pathways are
associated with CD44 expression. The expression of CD44
can be regulated by inhibiting b-catenin and AKT pathways
alone and or in combination.57 Nuclear events such DNA
Methylation alters CD44 gene, and its expression studied in
breast tumor cells. Further, metalloproteinase-2 (MMP-2)
and MMP-9 expression level and breast cancer prognosis
were studied. In a finding the mRNA levels of
metalloproteinase-2 (MMP-2) and MMP-9 were reported
significantly higher in CD44 positive breast cancer cells
over CD44-negative cells.58
Role of CD44 in breast cancer

Breast cancer is one of the most common cancers affecting
women worldwide. The abnormal expression and func-
tioning of the CD44 gene along with CD44 protein-mediated
signaling result subsequently in abnormal growth of pa-
renchyma cell in breast tissue.59 The affinity of CD44, along
with its several isoforms (variants) plays a crucial role in
metastatic cascade via a high degree of cell surface re-
ceptor interactions.60 The extracellular domain of CD44 can
bind co-receptors, initiating recruitment, and activation of
signaling cascades. Significant evidence supports its inter-
action with and influence on the ErbB family of receptor
tyrosine kinases. Epidermal growth factor receptor (EGFR)/
ErbB1 and ErbB2/Her 2 are key regulators of metastatic
disease, and their expression is associated with the most
aggressive forms of breast cancer.61 The binding of native,
as well as a subsidiary ligand with the CD44 result in acti-
vation of Ras and SOS, mediated growth and invasion
cascade. LMW hyaluronan precisely triggers an interaction
with Grb2 and p185Her2, and it promotes CD44 binding to
N-Wasp.62 The role of CD44 in Smad dependent invasion was
studied and proposed that its TGFb receptor 1 and 2 trigger
ankyrineCD44 interaction. CD44 reported as an activator
for enhancing tumorigenic signals mediated by a series of
signaling events including activation of Rho GTPases, which
promote cytoskeletal remodeling and invasion, and the
PI3K/AKT and MAPK-Ras pathways, which promote growth,



Figure 1 CD44 and its association in cancer development including breast cancer. A schematic depiction of various players and
downstream signaling associated with CD44 and ligand interactions regulate several metabolic pathways including NFkB and b

catenin.
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survival, and invasion.63 A tetracycline-inducible CD44
complex was studied breast cancer cell line and reported
an enhancing tumorigenic outcome.64 The role of CD44 in
tumorogenesis was further studied using xenograft tumor
model. Here, in this study, using a CD44-blocking mono-
clonal antibody had shown significant inhibition of tumor
growth along with lack of recurrence in tumor cell treated
with doxorubicin/cyclophosphamide.65

Current approaches to drug delivery

Though several therapeutic and drug delivery system for
anti-cancerous drug delivery targeting breast cancer are
available, but most of these approaches possess own limi-
tations and benefits.66 The conventional methods, including
chemotherapy, radiotherapy, and surgery are still in clinical
practice as limited choices for advanced methods. There is a
transition towards design in drug deliverymethods for cancer
therapy including breast cancer. The nanotechnology-based
drug delivery vehicles have gained tremendous success in
recent time.67 Throughout decades of research, involved in
drug delivery system for breast cancer focus in the devel-
opment ofmicelle, liposome, polymers, anddendrimers for a
large volume of anti-cancerous drugs.68 However, gold nano-
particles, SPIO nanoparticles, and quantum dots are effec-
tive for a small dose of drug molecules.69,70 The major
challenge in existing approaches for drug delivery for breast
cancer is to develop a therapeutic specific to tissue. Subse-
quently, most of these methods are non-specific in drug de-
livery until Functionalized.
In a study, Dave et al, 2014 discussed the novel
approach, i.e., transpupillary drug delivery to the breast to
overcome breast cancer.71 Ahmed and Douek, 2013
demonstrated an increasing potential of magnetic nano-
particles in drug delivery for breast cancer.72 In their
finding, they have reported magnetic nano-particles can
offer much precise drug delivery to targeted tissue in a
controlled release manner. Similarly, Li et al demonstrated
the potential of transferrin-conjugated gold nanoparticles
not only in anti-cancerous therapy but also cancer cell
imaging.73 Dhankhar et al, 2010 have reviewed the pros and
cons of existing drug delivery system being used for breast
cancer management.74 In a recent study, Sadat et al, 2015
demonstrated the potential of a nano-formulation in se-
lective drug delivery for breast cancer.75 Here they have
emphasized the specific recognition of HER2 receptors of
HER2 overexpressed tumor cells, and evaluate anti-HER2
monoclonal antibody as an effective tool for active tar-
geting.76 Considering all these research findings, despite
several novels and robust approaches in anti-cancerous
drug delivery including nanotechnology-based still, a cure
for breast cancer seems incomplete which further suggest
the need for an alternate in drug delivery vehicles.

Paradigm shift in drug delivery vehicles

With the enormous limitations of existing drug delivery ap-
proaches for cancer management, anti-cancerous therapy,
there is in an immediate need for a paradigm shift in hunting
novel methodology.77 The conventional therapeutics also
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associated several limitations such as the inability of drugs
lack tumor sites specifically, which brings difficulty in the
clinical use of anti-cancerous drugs. Certainly, nanotech-
nology had a wide spectrum in nano-designs which can be an
ideal cargo for anti-cancerous drug delivery.78 The carbon
nanotubes become an important and integral part of modern
healthcare as effective drug delivery vehicles. The func-
tionalized CNTs seem much effective and precise drug de-
livery.79 The CNTs become an integral part as therapeutics in
biomedical fields due to their unique structures and prop-
erties, including high aspect ratios, large surface areas, rich
surface chemical functionalities, and size stability on the
nanoscale.80 The CNTs are being used as nanocarriers for
anticancer drugs including doxorubicin, camptothecin, car-
boplatin, cisplatin, paclitaxel, Pt (II), and Pt (IV), and genes
including plasmid DNA, small interfering RNA, oligonucleo-
tides, and RNA/DNA aptamers.81 One major limitation asso-
ciatedwith CNTs is cytotoxicity can be easily optimized using
appropriate functional group using fictionalization. The
advantage of using CNTs as a nanocarrier for anti-cancerous
drug delivery is a wide range of cargoes including chemo-
therapeutic agents, nucleic acids, and protein molecules.82

Due to the advances in synthetic chemistry over the last
few years, different biological nanomaterials developed,
which can be used for a variety of biological therapies, such
as drugdelivery, cancer diagnosis, treatment, and imaging.83

The interdisciplinary approaches by combining synthetic
chemistry with biological engineering will surely open new
avenue in therapeutic and other biomedical applications.

Drug targeting to breast cancer using nano-formulations,
including CNTs and other nano designs mainly focus
Hyaluronan-Based and folic acid-based targeted Delivery.
CD44 effectively binds with hyaluronan or hyaluronic acid
and stimulate downstream signaling cascade. Over-
expression of CD44 reported in many malignancies,
including breast cancer. Several studies have demonstrated
that nano designs (Carbon Nanoparticles) effectively target
and down-regulate expression of CD44 precisely in conju-
gated with HA. Folic acid is dietary entity and essential for
synthesis of purine and pyrimidine building block of nucleic
acid.84,85 In the case of breast cancer, along with CD44,
folate receptor over-expression is reported. Studies have
shown that folic acid-based targeted delivery effectively
delivers drug to tumor cells. Aromatic ring with carboxylic
moiety develops affinity for nano designs including func-
tionalized CNTs.86 These functionalized nano designs are
effective carrier for drug delivery to various tumors
including breast cancer.87 Additionally, folic acid-
functionalized MWCNTs serve as ideal target for several
cutting edges imaging techniques magnetic resonance im-
aging (MRI), confocal fluorescence microscopy and confocal
Raman microscopy.88,89
CNTs and applications

Carbon Nanotubes (CNTs) have vast applications almost in
every field, including biomedical, environment studies,
biosensor, water purification, and agriculture. Over the
last few decades, there is a tremendous advancement in
biomedical applications of CNTs, including drug delivery
system, tissue engineering, and grafting, tissue, and organ
implants.90 The functionalized CNTs are an ideal choice
for drug delivery not only for antineoplastic drugs but also
several other drugs intended for vital tissues. The unique
and highly symmetrical arrangements of CNTs provide an
ideal platform for tissue engineering by providing a scaf-
fold for growth of tissue and organ.91 The CNTs are
promising drug delivery vehicles in delivering the drug to
the neuronal tissue to combat several life-threatening
diseases including brain tumor, cerebral thrombotic dis-
orders, and infections.92 Several studies have demon-
strated the potential of CNTs in delivering drugs including
antineoplastic drug and nucleotide, e.g., siRNA and
microRNA. Further CNTs were reported effective in
treating several infectious diseases along with their diag-
nostic potential.93 The use of CNTs in cancer management
has gained tremendous success not only for drug delivery
but also the early diagnosis. SWCNTs and MWCNTs both
used in cancer management for a variety of cancer
including breast cancer.94 Antitumor chemotherapy re-
quires administration of several drugs in various doses,
and hence CNTs are ideal vehicles to tag targeted drugs for
effective antineoplastic therapy. Here, Fig. 2 demon-
strates a comprehensive overview of anti-cancerous drug
delivery using CNTs.

The CNTs are unique and effective in drug delivery system
due to their physicochemical properties and functionalized
group. These physicochemical properties enable CNTs for a
deeper penetration often require for solid tumor and drug-
resistant tumor as well.95 Further CNTs provide a wide range
of drug tagging/loading enable a combination therapy for
cancer management and other diseases as well. The studies
have shown that CNTs with host-specific molecules can elicit
immune response quicker and effectively by raising anti-
bodies against targeted molecules.96 Pristine SWCNTs
exhibited an antimicrobial effect for a variety of infectious
agents. These tiny structures are key for modern biosensor
designs. CNTs provide a large surface to enable immobiliza-
tion of detection molecules. The unique optical and ther-
modynamic properties of CNTs are the basis of their
applications for diagnostic development.97 Further, the
intrinsic physicochemical properties of CNTs, including
Raman scattering and photoluminescence enable tracking,
detecting and imaging diseases in real-time. These potential
provide the status of therapy in real-time along with the
efficacy of the drug delivery system. Poor dispersibility is a
major challenge using CNTs in biomedical applications result
in a small volume of distribution (Vd) (a). The lower Vd en-
hances dose-dependent toxicity and biocompatibility of
CNTs associated drugs. CNTs are often associatedwith tissue-
specific toxicity, and hence functionalization with appro-
priate group reduces toxicity to the significant level.98
Applications of SWCNTs

Chemotherapeutics are major anti-cancerous drug inten-
ded for the treatment of various forms of cancer alone and
along with other drugs and approaches, including chemo-
therapy and radiation therapy.99 Therapeutic efficacy of
anti-cancerous drug depends on their precise delivery with
a minimal side effect to healthy tissue. Here, CNTs pre-
cisely single walled carbon nanotubes (SWCNTs) are key



Figure 2 The figure demonstrates CNT mediated anti-cancerous drug delivery. The figure summarizes various approaches for
carbon nanotubes (CNT) mediated anti cancer drug delivery. CNT can be use as drug cargo carrying single or multiple anti cancer
drug and CNT as a whole conjugated with particular functional groups act as mediator for anticancer therapy.
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drug delivery vehicles for anti-cancerous drug delivery.100

The functionalized SWCNTs are an ideal choice for delivery
of chemotherapeutic agents, nucleotides, and protein
molecules. Studies have demonstrated that SWCNTs are
not only effective in delivery anti-cancerous drugs but also
accelerate the killing of cancer cell via their photothermal
effects.101 Liu et al, 2008 have demonstrated functional-
ized SWCNTs are effective in targeting tumor cell and
biocompatible with minimal side effects. The photo-
thermal capacity acts as an additive in cancer treatment
and SWCNTs carrying photothermal property which can be
further optimized by functionalization.102 There are
several studies demonstrated the potential of SWCNTs is
not limited to the drug delivery but also reported in real-
time imaging. The molecular etiology of cancer including
breast cancer is highly complex and involves abnormal
functioning of several metabolic regulators (protein and
nucleotides) and hence targeting these molecular
switches is an effective way for cancer management.103

CNTs, including both SWCNTs and multiwalled carbon
nanotubes (MWCNTs), have shown promising results in
delivering exogenous protein and nucleotides as negative
regulators. Zhao et al, 2005 succeeded in synthesizing
water-soluble SWCNTs with enormous potential in drug
delivery system, including anticancer drug delivery.104

SWCNTs with significant water solubility provide higher af-
finity to plasma protein and biocompatibility. Subsequently,
Chen et al, 2008 synthesized SWCNTs capable of dispersion
in aqueous solution and controlled by light.105 All these
development in SWCNTs had shown tremendous scope in
controlled drug delivery and real-time monitoring of the
fate of drug delivery. The CNTs, including both SWCNTs and
MWCNTs, are an effective carrier for drug delivery to the
neuronal tissue across the bloodebrain barrier.106 Addi-
tionally, CNTs plays a vital role in the real-time monitoring
of clot lysis and the effectiveness of the implemented drug
against thrombotic vascular disorders.107 The CNTs exten-
sively used in the biomarker development for inflammatory
and autoimmune disorders.108
Applications of MWCNTs

Multiwalled carbon nanotubes (MWCNTs) are well ordered,
hollow, carbon graphitic nanomaterials with a range of
properties. MWCNTs have shown tremendous scope in
biomedical applications and transformed as potential drug
delivery vehicles for anti-cancerous drug delivery.109

Additionally, appropriate functionalization offers addi-
tional properties ideal for drug delivery. Filling MWCNTs
with an appropriate anticancer drug is another method of
delivering anticancer therapy.110 MWCNT possesses 80 nm
diameters to accommodate nearly 5 million candidate
drug molecules.111 During the process of functionalization
incorporation of appropriate molecules, a mostly func-
tional group to the CNT surface allows these materials less
toxic and more biocompatible.112 In the present scenario,
the MWCNTs research is more likely to involve a reduction
in toxic properties using functionalization process. This is
a desirable feature and needs further research to avoid
the problem of toxicity.113 The amount of nanoparticles
entering the body also has a major impact on toxicity. The
current research in MWCNT in context with drug delivery
largely focuses on the reduction of MWCNTs based toxicity.
Fan et al 2006 have developed MWCNTs conjugated with
Al2O3 composite with diverse biomedical applications
including drug delivery vehicles.114 MWCNTs are vital in
analyzing inflammatory diseases and their diagnosis.
Several biomarkers have been developed using MWCNTs
and shown a promising result in animal studies.
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Development in SWCNTs for anti-cancerous
drug delivery

Over a period, SWCNTs extensively used as a potential
carrier for anti-cancerous drug delivery and achieved
tremendous success. The animal studies using anti-
cancerous drugs conjugated with SWCNTs have shown a
promising result. The unique physicochemical properties
(optical and magnetic) of SWCNTs offer a wide range of
application in cancer therapeutics including drug delivery,
accelerated killing of the tumor cells, and early diag-
nosis.115 The functionalized SWCNTs render side effects and
associated complications however, clinical trials studies are
underway. Additionally, SWCNTs had shown exponential
growth in the development of diagnostics for early detec-
tion of various types of tumors. In a recent study, Faraj
et al, 2016 investigated potential of SWCNTs for specific
targeting and noninvasive imaging of breast cancer.116

Here, in the study, SWCNTs functionalized with Poly-
ethylene glycol and conjugated with CD44 antibodies for
real-time detection. Nima et al, 2013 investigated potential
of SWCNTs in drug delivery and robust diagnosis of single
human breast cancer cell via Raman spectroscopic anal-
ysis.117 Mohammadi et al, 2015 synthesized SWCNTs func-
tionalized with aptamer and, piperazine-polyethyleneimine
derivative for efficient tagging of siRNA. In the study, using
antisense technology mediated by siRNA proliferative ca-
pacity of breast cancer cell was inhibited and shown a
scope for future medicine.118 The studies also have shown
that SWCNTs alone is effective as the anti-cancerous drug
and Zhou et al, 2011 demonstrated mitochondria targeting
and killing of the cancer cells via photothermal effect.119

Table 1 summarizes potential of SWCNTs as carrier for
anti cancer drug for the treatment of various cancers.

Development in MWCNTs for anti-cancerous
drug delivery

The physicochemical properties of MWCNTs make them
unique and capable of changing the biological or toxico-
logical behavior of living organisms or the environment.120

Pantarotto et al succeeded in developing functionalized
CNT-DNA complexes and reported high DNA expression
compared with naked DNA.121 The structural insights re-
ported crucial in cellular uptake of CNTs by cells. In a study
Table 1 Potential of SWCNTs as drug cargo for anti-cancerous

CNTs Cancer Type Drug

SWCNTs Leukemia, breast and ovarian cancer Doxorubicin

SWCNTs Prostate cancer, and acute
nonlymphocytic leukemia

Mitoxantrone

SWCNTs Breast Cancer Paclitaxel

SWCNTs Ovarian cancer, cervical cancer,
and breast cancer

Cisplatin

SWCNTs Ovarian cancer, lung cancer,
and neuroblastoma

Carboplatin
intended to deliver CNTs to HeLa Cells, the perpendicular
positioning of MWNTs was reported more effective during
the internalization process.122 It is mainly the mechanism
to deliver targeted effects of CNTs like drug release and
diagnosis intended to cancerous cells which enable CNTs
and drug conjugates during the process of internalization.
However, the release of drug from the CNTsedrug conju-
gate is also important to ensure the efficacy of the drug
delivery system.123 Considering physiological events,
MWCTNs reported with an increased influx of immune cells
precisely macrophage into glioma cells increase tumor
cytokine level (IL-10). Handei et al. 2009. MWCTNs were
also effective in delivering proteins molecules in the
cancerous tissue.124 Weng et al, 2009. Although effective
CNT based protein delivery evaluated in vitro and in vivo
system, the clinical application of these approaches re-
mains questionable. It is mainly due to the safety issue of
CNTs which have not addressed adequately. Additionally,
several other parameters such as targeting cancer cells and
controllability are required to be addressed to have effec-
tive use of MWCNTs in drug delivery.125 Over the period,
several factors have been optimized such as purification
and functionalization of CNTs to enhance safety. Further,
the CNTs often used in studying the enzymeesubstrate
complex formation and their affinity. Hence, the size of
synthesized CNTs and drug load in CNTs drug complex must
be uniform.126 It was also reported that the delivery of
enzyme and protein in conjugation with CNTs enhances the
effectiveness of therapeutic biomolecules. Table 2 sum-
marizes potential of MWCNTs as carrier for anti cancer drug
for the treatment of various cancers.
Scope and prospects of CNTs

The CNTs due to their unique structure, physiochemical,
optical and magnetic properties gained attention in several
fields including environment, agriculture, electronics, and
biomedical as well. Both SWCNTs and MWCNTs have their
advantages and disadvantage extensively used in biomed-
ical applications.127 There is a great demand for the use of
these tiny structures in the diagnosis and drug delivery
vehicles. Additionally, the physiochemical, optical and
magnetic properties were studied for their therapeutic
potential in several diseases models.128 In future CNTs will
be an ideal choice for drug targeting and delivery against
drug delivery.

Highlights

The SWCNTs conjugated with Doxorubicin has shown
reduced drug dependent toxicity in animal studies
The Mitoxantrone conjugated with SWCNTs has shown
reduced drug dependent toxicity in animal studies
The drug Paclitaxel tagged with SWCNTs reported a
higher t1/2 with the slower renal and hepatic clearance
A reduced drug dependent toxicity was reported in animal
studies if Cisplatin was conjugated with SWCNTs
SWCNTs conjugated Carboplatin showed a significant
reduction in tumor cell proliferation



Table 2 Potential of MWCNTs as drug cargo for anti-cancerous drug delivery.

CNTs Cancer Type Drug Highlights

MWCNTs Breast cancer Doxorubicin Doxorubicin and Pluronic-MWCNT used in an equal volume of doxorubicin
hydrochloride with increasing MWCNT aqueous dispersion concentrations

MWCNTs Bladder Cancer Carboplatin CNT suspension in carboplatin solution (10 mg/mL).
MWCNTs Breast cancer Methotrexate Amine-MWCNTs generated through 1,3-dipolar cycloaddition reaction

of azomethine ylides.
MWCNTs Lymphoma Doxorubicin supramolecular pep stacking to load a cancer chemotherapy agent

doxorubicin onto branched polyethylene glycol functionalized CNTs
for in vivo drug delivery applications

MWCNTs Human gastric
carcinoma

HCPT HCPT is linked the to MWCNTs using diaminotriethylene glycol
(hydrophilic spacer) biocleavable ester linkage

MWCNTs Leukemia Amphotericin B Carboxylated CNTs were, treated with [NH2 (CH2)2NH2], forming
amine groups on the CNT surface.

MWCNTs Breast Cancer Paclitaxel Paclitaxel conjugated to branched PEG chains on SWCNTs via a
cleavable ester bond to obtain a water-soluble SWCNT-paclia taxel
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various diseases including cancer. However, there will be
more emphasis on cancer drug delivery and involvement of
CNTs as a potential drug carrier.129 Due to their size
(nanoscale), intracellular trafficking and movement across
the subcellular compartment result in CNTs excellent car-
rier not only for chemotherapeutic agents but also bio-
molecules including protein and nucleotides.130 The CNTs
are in clinical application for precise diagnosis of disease
and real-time monitoring of drug delivery.

Functionalized CNTs both SWCNTs and MWCTNs with
predefined physiochemical, optical and magnetic proper-
ties will offer a more effective diagnosis. The use of CNTs
will be more centric to tissue engineering and the devel-
opment of the artificial organ in the future. The unique
atomic arrangement in CNTs provides an ideal scaffold for
cellular growth into tissue and organ.131 Despite the vast
application of CNTs, several drawbacks and limitation are
needing immediate attention to overcome for their robust
uses. The side effect and toxicity of CNTs depends on
several factors including the method of synthesis, purifi-
cation, and presence of the functional group.132 There is an
extensive research work underway to surmount these lim-
itations of CNTs and hope in future CNTs will be playing a
vital role in biomedical engineering. However, modulating
CNTs physiochemical properties and translate them into
drug cargoes remain a major challenge. Over time, nano-
technology and incorporated changes into CNTs time asso-
ciated with the serious tissue and cellular toxicity.

Conclusion

Cancer remains a leading cause of mortality and physical
deformity worldwide. The rise and prevalence of breast
cancer posed a new challenge to therapeutics. Lack of
precise therapeutics and drug delivery systems lead to
cancer incurable. There is a close association between
CD44 including isoforms and cancer including the extent of
metastasis. A preponderance of research data demon-
strated that CD44 overexpression and transition among its
various isoforms are closely associated with various forms
of cancer. Additionally, several therapeutic have been
developed targeting CD44 along with its isoforms variants
using monoclonal antibodies, mimetic peptides, or more
recently, microRNA. For breast cancer, targeting folate
receptor and hyaluronic acid showed increasing potential
for future cancer therapeutics. Now, using the potential of
CNTs, these therapeutics gained tremendous success in
drug delivery diagnosis development and anti-cancerous
therapeutics. However, these nanodesigns are also associ-
ated with several limitations mainly toxicity. The CNT
toxicity is function of nature, size, chemical synthesis,
purification, and functionalization as well. The toxicity can
be reduced via surface functionalization and purification
approaches. The appropriate surface functionalization not
only reduces toxicity but also enhance specificity towards
targeted receptor. CNTs are ideal choice for modern cutting
edge imaging techniques for cancer management. Func-
tionalized CNTs such as folic acid conjugated CNTs shows
effective imaging in magnetic resonance imaging for breast
and other tumors. The CNTs are key biomaterial extensively
use in tissue engineering and organ growth for clinical
transplantation. The surface functionalization also en-
hances the biocompatibility of CNT to the selective cells
and tissue. To enhance biocompatibility and toxicity of
CNTs one major surface functionalization approach is
creating hydrophilicity of formulation. The HBL system
becomes important here to ensure biocompatibility and
toxicity of CNTs. The surface functionalization of CNTs
outlooks mainly the higher water-soluble property of CNTs
which lowers the toxicity and higher biocompatibility.
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reliable companion in cancer-initiating cell maintenance and
tumor progression. Front Cell Dev Biol. 2018;6:97. https:
//doi.org/10.3389/fcell.2018.00097.

31. Li W, Cohen A, Sun Y, et al. The role of CD44 in glucose
metabolism in prostatic small cell neuroendocrine carcinoma.
Mol Cancer Res. 2016;14(4):344e353. https://doi.org/10.1
158/1541-7786.MCR-15-0466.

32. Ackland ML, Michalczyk A, Whitehead RH. PMC42, a
novel model for the differentiated human breast. Exp Cell
Res. 2001;263(1):14e22. https://doi.org/10.1006/excr.200
0.5106.

33. Honeth G, Bendahl PO, Ringner M, et al. The CD44þ/CD24-
phenotype is enriched in basal-like breast tumors. Breast Can-
cer Res. 2008;10(3):R53. https://doi.org/10.1186/bcr2108.

34. Sheridan C, Kishimoto H, Fuchs RK, et al. CD44þ/CD24- breast
cancer cells exhibit enhanced invasive properties: an early
step necessary for metastasis. Breast Cancer Res. 2006;8(5):
R59. https://doi.org/10.1186/bcr1610.

35. Hu Z, Fan C, Oh DS, et al. The molecular portraits of breast
tumors are conserved across microarray platforms. BMC Ge-
nomics. 2006;7:96. https://doi.org/10.1186/1471-2164-7-96.

36. Perou CM, Sorlie T, Eisen MB, et al. Molecular portraits of
human breast tumours. Nature. 2000;406(6797):747e752.
https://doi.org/10.1038/35021093.

37. Quere R, Andradottir S, Brun ACM, et al. High levels of the
adhesion molecule CD44 on leukemic cells generate acute
myeloid leukemia relapse after withdrawal of the initial
transforming event. Leukemia. 2011;25:515e526.

38. Fujita Y, Kitagawa M, Nakamura S, et al. CD44 signaling
through focal adhesion kinase and its anti-apoptotic effect.
FEBS Lett. 2002;528(1e3):101e108.

http://refhub.elsevier.com/S2352-3042(19)30096-0/sref1
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref1
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref1
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref1
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref1
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref2
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref2
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref2
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref2
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref3
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref3
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref3
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref3
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref4
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref4
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref4
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref4
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref5
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref5
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref5
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref5
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref6
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref6
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref6
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref6
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref7
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref7
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref7
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref8
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref8
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref8
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref8
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref9
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref9
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref9
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref9
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref10
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref10
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref10
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref10
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref10
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref11
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref11
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref11
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref11
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref12
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref12
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref12
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref12
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref12
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref13
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref13
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref13
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref13
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref13
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref14
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref14
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref14
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref14
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref14
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref15
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref15
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref15
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref15
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref16
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref16
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref16
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref17
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref17
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref17
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref17
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref18
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref18
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref18
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref18
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref18
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref18
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref19
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref19
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref19
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref19
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref19
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref19
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref20
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref20
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref20
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref20
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref20
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref21
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref21
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref21
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref21
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref21
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref21
https://doi.org/10.1038/nrm1004
https://doi.org/10.1016/j.ejca.2010.02.024
https://doi.org/10.1016/j.ejca.2010.02.024
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref24
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref24
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref24
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref25
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref25
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref25
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref25
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref25
https://doi.org/10.1155/2016/2087204
https://doi.org/10.1038/cdd.2014.156
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref28
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref28
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref28
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref28
https://doi.org/10.1158/0008-5472.CAN-12-0299
https://doi.org/10.1158/0008-5472.CAN-12-0299
https://doi.org/10.3389/fcell.2018.00097
https://doi.org/10.3389/fcell.2018.00097
https://doi.org/10.1158/1541-7786.MCR-15-0466
https://doi.org/10.1158/1541-7786.MCR-15-0466
https://doi.org/10.1006/excr.2000.5106
https://doi.org/10.1006/excr.2000.5106
https://doi.org/10.1186/bcr2108
https://doi.org/10.1186/bcr1610
https://doi.org/10.1186/1471-2164-7-96
https://doi.org/10.1038/35021093
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref37
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref37
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref37
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref37
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref37
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref38
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref38
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref38
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref38
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref38


214 N. Jain Singhai, S. Ramteke
39. Liu R, Wang X, Chen GY, et al. The prognostic role of a gene
signature from tumorigenic breast-cancer cells. N Engl J Med.
2007;356(3):217e226. https://doi.org/10.1056/NEJMoa063994.

40. Diaz LK, Zhou X, Wright ET, et al. CD44 expression is associ-
ated with increased survival in node-negative invasive breast
carcinoma. Clin Cancer Res. 2005;11(9):3309e3314. https:
//doi.org/10.1158/1078-0432.CCR-04-2184.

41. Rall CJ, Rustgi AK. CD44 isoform expression in primary and
metastatic pancreatic adenocarcinoma. Cancer Res. 1995;
55(9):1831e1835, 61.

42. Castella EM, Ariza A, Ojanguren I, et al. Differential expres-
sion of CD44v6 in adenocarcinoma of the pancreas: an
immunohistochemical study. Virchows Arch. 1996;429(4e5):
191e195.

43. Kalantari E, Asgari M, Nikpanah S, Salarieh N, Asadi Lari MH,
Madjd Z. CoExpression of putative cancer stem cell markers
CD44 and CD133 in prostate carcinomas. Pathol Oncol Res.
2017;23:793e802.

44. Moura CM, Pontes Jr J, Reis ST, et al. Expression profile of
standard and variants forms of CD44 related to prostate
cancer behavior. Int J Biol Mark. 2015;30(1):e49ee55.

45. Hernandez JR, Kim JJ, Verdone JE, et al. Alternative CD44
splicing identifies epithelial prostate cancer cells from the
mesenchymal counterparts. Med Oncol. 2015;32(5):159.

46. Ni J, Cozzi PJ, Hao JL, et al. CD44 variant 6 is associated with
prostate cancer metastasis and chemo-/radioresistance. The
Prostate. 2014;74(6):602e617.

47. Liu C, Kelnar K, Vlassov A, Brown D, Wang J, Tang D. Distinct
microRNA expression profiles in prostate cancer stem/proge-
nitor cells and tumor suppressive functions of let-7. Cancer
Res. 2012;72(13):3393e3404.

48. Reategui EP, de Mayolo AA, Das PM, et al. Characterization of
CD44v3- containing isoforms in head and neck cancer. Cancer
Biol Ther. 2006;5(9):1163e1168.

49. Compagnone M, Gatti V, Presutti D, et al. DeltaNp63-
mediated regulation of hyaluronic acid metabolism and sig-
nalling supports HNSCC tumorigenesis. Proc Natl Acad Sci U S
A. 2017;114(50):13254e13259.

50. Yamao T, Matsumura Y, Shimada Y, et al. Abnormal expression
of CD44 variants in the exfoliated cells in the feces of patients
with colorectal cancer. Gastroenterology. 1998;114(6):
1196e1205.

51. Todaro M, Gaggianesi M, Catalano V, et al. CD44v6 is a marker
of constitutive and reprogrammed cancer stem cells driving
colon cancer metastasis. Cell Stem Cell. 2014;14(3):342e356.

52. Naor D, Wallach-Dayan SB, Zahalka MA, et al. Involvement of
CD44, a molecule with a thousand faces, in cancer dissemi-
nation. Semin Cancer Biol. 2008;18:260e267.

53. Matsumura Y, Tarin D. Significance of CD44 gene products for
cancer diagnosis and disease evaluation. Lancet. 1992;340:
1053e1058.

54. Bourguignon LY, Xia W, Wong G. Hyaluronan-mediated CD44
interaction with p300 and SIRT1 regulates beta-catenin
signaling and NFkappaB-specific transcription activity lead-
ing to MDR1 and Bcl-xL gene expression and chemoresistance
in breast tumor cells. J Biol Chem. 2009;284(5):2657e2671.

55. Toyama-Sorimachi N, Kitamura F, Habuchi H, Tobita Y,
Kimata K, Miyasaka M. Widespread expression of chondroitin
sulfate-type serglycins with CD44 binding ability in hemato-
poietic cells. J Biol Chem. 1997;272(42):26714e26719.

56. Nam K, Oh S, Shin I. Ablation of CD44 induces glycolysis-to-
oxidative phosphorylation transition via modulation of the c-
Src-Akt-LKB1-AMPKalpha pathway. Biochem J. 2016;473(19):
3013e3030.

57. Rauscher GH, Kresovich JK, Poulin M, et al. Exploring DNA
methylation changes in promoter, intragenic, and intergenic
regions as early and late events in breast cancer formation.
BMC Canc. 2015;15:816.
58. Wang L, Duan W, Kang L, et al. Smoothened activates breast
cancer stem-like cell and promotes tumorigenesis and
metastasis of breast cancer. Biomed Pharmacother. 2014;
68(8):1099e1104.

59. Todaro M, Gaggianesi M, Catalano V, et al. CD44v6 is a marker
of constitutive and reprogrammed cancer stem cells driving
colon cancer metastasis. Cell Stem Cell. 2014;14(3):342e356.
https://doi.org/10.1016/j.stem.2014.01.009.

60. Günthert U, Hofmann M, Rudy W, et al. A new variant of
glycoprotein CD44 confers metastatic potential to rat carci-
noma cells. Cell. 1991;65:13e24.

61. Wieduwilt MJ, Moasse MM. The epidermal growth factor re-
ceptor family: biology driving targeted therapeutics. Cell Mol
Life Sci. 2008;65(10):1566e1584. https://doi.org/10.1007/
s00018-008-7440-8.

62. Seiter S, Arch R, Reber S, et al. Prevention of tumor metas-
tasis formation by anti-variant CD44. J Exp Med. 1993;177:
443e455.

63. Takiguchi M, Dow LE, Prier JE, et al. Variability of inducible
expression across the hematopoietic system of tetracycline
transactivator transgenic mice. PLoS One. 2013;8(1):e54009.

64. Ouhtit A, Abd Elmageed ZY, Abdraboh ME, Lioe TF, Raj MH.
In vivo evidence for the role of CD44s in promoting breast
cancer metastasis to the liver. Am J Pathol. 2007;171:
2033e2039.

65. Marangoni E, Lecomte N, Durand L, et al. CD44 targeting re-
duces tumour growth and prevents post-chemotherapy
relapse of human breast cancers xenografts. Br J Canc.
2009;100:918e922.

66. Halade GV, Black L, Verma MK. Paradigm shift-metabolic
transformation of docosahexaenoic and eicosapentaenoic
acids to bio-actives exemplify the promise of fatty acid drug
discovery. Biotechnol Adv. 2018;36(4):935e953.

67. Kam NWS, Liu ZA, Dai HJ. Carbon nanotubes as intracellular
transporters for proteins and DNA: an investigation of the
uptake mechanism and pathway. Angew Chem Int Ed. 2006;
45:577e581.

68. Fuchs S, Kapp T, Otto H, et al. A surface-modified dendrimer
set for potential application as drug delivery vehicles: syn-
thesis, in vitro toxicity, and intracellular localization. Chem-
istry. 2004;10(5):1167e1192.

69. Yang PH, Sun X, Chiu JF, Sun H, He QY. Transferrin-mediated
gold nanoparticle cellular uptake. Bioconjug Chem. 2005;
16(3):494e496.

70. Jain S, Hirst DG, O’Sullivan JM. Gold nanoparticles as novel
agents for cancer therapy. Br J Radiol. 2012;85(1010):
101e113.

71. Dave K, Averineni R, Sahdev P, Perumal O. Transpapillary drug
delivery to the breast. PLoS One. 2014;9(12):e115712.

72. Ahmed M, Douek M. The role of magnetic nanoparticles in the
localization and treatment of breast cancer. BioMed Res Int.
2013;2013:281230.

73. Li JL, Wang L, Liu XY, et al. In vitro cancer cell imaging and
therapy using transferrin-conjugated gold nanoparticles.
Cancer Lett. 2009;274(2):319e326.

74. Dhankhar R, Vyas SP, Jain AK, Arora S, Rath G, Goyal AK.
Advances in novel drug delivery strategies for breast cancer
therapy. Artif Cells Blood Substit Immobil Biotechnol. 2010;
38(5):230e249.

75. Sadat SM, Saeidnia S, Nazarali AJ, Haddadi A. Nano-pharma-
ceutical formulations for targeted drug delivery against HER2
in breast cancer. Curr Cancer Drug Targets. 2015;15(1):
71e86.

76. Mickelson ET, Huffman CB, Rinzler AG, Smalley RE, Hauge RH,
Margrave JL. Fluorination of single-wall carbon nanotubes.
Chem Phys Lett. 1998;296:188.

77. Bahr JL, Yang J, Kosynkin DV, Bronikowski MJ, Smalley RE,
Tour JM. Functionalization of carbon nanotubes by

https://doi.org/10.1056/NEJMoa063994
https://doi.org/10.1158/1078-0432.CCR-04-2184
https://doi.org/10.1158/1078-0432.CCR-04-2184
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref41
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref41
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref41
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref41
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref42
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref42
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref42
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref42
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref42
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref42
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref43
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref43
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref43
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref43
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref43
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref44
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref44
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref44
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref44
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref45
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref45
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref45
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref46
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref46
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref46
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref46
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref47
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref47
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref47
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref47
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref47
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref48
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref48
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref48
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref48
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref49
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref49
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref49
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref49
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref49
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref50
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref50
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref50
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref50
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref50
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref51
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref51
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref51
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref51
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref52
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref52
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref52
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref52
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref53
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref53
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref53
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref53
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref54
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref54
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref54
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref54
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref54
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref54
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref55
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref55
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref55
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref55
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref55
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref56
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref56
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref56
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref56
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref56
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref57
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref57
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref57
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref57
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref58
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref58
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref58
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref58
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref58
https://doi.org/10.1016/j.stem.2014.01.009
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref60
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref60
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref60
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref60
https://doi.org/10.1007/s00018-008-7440-8
https://doi.org/10.1007/s00018-008-7440-8
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref62
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref62
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref62
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref62
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref63
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref63
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref63
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref64
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref64
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref64
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref64
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref64
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref65
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref65
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref65
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref65
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref65
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref66
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref66
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref66
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref66
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref66
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref67
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref67
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref67
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref67
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref67
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref68
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref68
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref68
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref68
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref68
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref69
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref69
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref69
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref69
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref70
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref70
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref70
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref70
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref71
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref71
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref72
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref72
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref72
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref73
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref73
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref73
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref73
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref74
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref74
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref74
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref74
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref74
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref75
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref75
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref75
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref75
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref75
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref76
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref76
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref76
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref77
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref77


Paradigm shift in drug delivery for breast cancer 215
electrochemical reduction of aryl diazonium salts: a bucky
paper electrode. J Am Chem Soc. 2001;123:6536.

78. Bahr JL, Tour JL. Highly functionalized carbon nanotubes
using in situ generated diazonium compounds. Chem Mater.
2001;13:3823.

79. Chen RJ, Zhang Y, Wang D, Dai H. Noncovalent sidewall
functionalization of single-walled carbon nanotubes for pro-
tein immobilization. J Am Chem Soc. 2001;123:3838.

80. Avouris P. Molecular electronics with carbon nanotubes. Acc
Chem Res. 2002;35:1026.

81. Collins PG, Bradley K, Ishigami M, Zettl A. Extreme oxygen
sensitivity of electronic properties of carbon nanotubes. Sci-
ence. 2000;287:1801.

82. Bekyarova E, Davis M, Burch T, et al. Chemically functional-
ized single-walled carbon nanotubes as ammonia sensors. J
Phys Chem B. 2005;108:19717.

83. Wang J, Musameh M. Carbon nanotube/teflon composite elec-
trochemical sensors and biosensors. Anal Chem. 2003;75:2075.

84. Li J, Ng HT, Cassell A, et al. Carbon nanotube nanoelectrode
array for ultrasensitive DNA detection. Nano Lett. 2003;3:597.

85. Pantano P, Kuhr WG. Enzyme modified microelectrodes for in-
vivo neurochemicalmeasurements. Electroanalysis. 1995;7:405.

86. Parpura V. Nanofabricated carbon-based detector. Anal
Chem. 2005;77:681.

87. Gasparac R, Kohli P, Mota MO, Trofin L, Martin CR. Template
synthesis of nano test tubes. Nano Lett. 2004;4:513.

88. Hafner J, Cheung CL, Lieber CM. Growth of nanotubes for
probe microscopy tips. Nature. 1999;398:761.

89. Woolley AT, Cheung CL, Hafner J, Lieber CM. Structural
biology with carbon nanotube AFM probes. Chem Biol. 2000;7:
R193.

90. Service RF. Nanomaterials show signs of toxicity. Science.
2003;300:243.

91. Service RF. Nanotoxicology. Nanotechnology grows up. Sci-
ence. 2004;304:1732.

92. Lam CW, James JT, McCluskey R, Hunter RL. Pulmonary
toxicity of single-wall carbon nanotubes in mice 7 and 90 days
after intratracheal instillation. Toxicol Sci. 2004;77:126.

93. Warheit DB, Laurence BR, Reed KL, Roach DH, Reynolds GA,
Webb TR. Comparative pulmonary toxicity assessment of
single-wall carbon nanotubes in rats. Toxicol Sci. 2004;77:117.

94. Itkis ME, Niyogi S, Meng M, Hamon M, Hu H, Haddon RC.
Spectroscopic study of the Fermi level electronic structure of
single walled carbon nanotubes. Nano Lett. 2002;2:155.

95. Itkis ME, Perea D, Niyogi S, et al. Purity evaluation of as-
prepared single-walled carbon nanotube soot by use of solu-
tion phase near-IR spectroscopy. Nano Lett. 2003;3:309.

96. Sen R, Rickard SM, Itkis ME, Haddon RC. Controlled purifica-
tion of single-walled carbon nanotube films by use of selective
oxidation and near-IR spectroscopy. Chem Mater. 2003;15:
4273.

97. Liu Zhuang, Chen Kai, Davis Corrine, et al. Drug delivery with
carbon nanotubes for in vivo cancer treatment. Cancer Res.
2008;68(16):6652e6660. https://doi.org/10.1158/0008-
5472.CAN-08-1468.

98. Zhao B, Hu H, Yu A, Perea D, Haddon RC. Synthesis and
characterization of water soluble single-walled carbon nano-
tube graft copolymers. J Am Chem Soc. 2005;127:8197e8820.

99. Chen S, Jiang Y, Wang Z, Zhang X, Dai L, Smet M. Light-
controlled single-walled carbon nanotube dispersions in
aqueous solution. Langmuir. 2008;24:9233e9236.

100. Gao Y, Bando Y, Liu Z, et al. Temperature measurements using
a gallium-filled nanotube nanothermometer. Appl Phys Lett.
2003;83:2913e2916.

101. Guo W, Guo Y. Giant axial electrostrictive deformation in
carbon nanotubes. Phys Rev Lett. 2003 Sep 12;91(11):115501.

102. Hansson A, Stafström S. Intershell conductance in multiwall
carbon nanotubes. Phys Rev B. 2003;67:075406.
103. Bianco A, Kostarelos K, Prato M. Applications of carbon
nanotubes in drug delivery. Curr Opin Chem Biol. 2005;9:
674e679.

104. Beg S, Rizwan M, Sheikh AM, Hasnain MS, Anwer K, Kohli K.
Advancement in carbon nanotubes: basics, biomedical appli-
cations and toxicity. J Pharm Pharmacol. 2011;63:141e163.

105. Zhang Wuxu, Zhang Zhenzhong, Zhang Yingge. The applica-
tion of carbon nanotubes in target drug delivery systems for
cancer therapies. Nanoscale Res Lett. 2011;6(1):555. https:
//doi.org/10.1186/1556-276X-6-555.

106. Fei B, Lu HF, Hu ZG, Xin JH. Solubilization, purification and
functionalization of carbon nanotubes using poly-
oxometalate. Nanotechnology. 2006;17:1589e1593.

107. Coccini T, Roda E, Sarigiannis DA, et al. Effects of water-
soluble functionalized multi-walled carbon nanotubes exam-
ined by different cytotoxicity methods in human astrocyte
D384 and lung A549 cells. Toxicology. 2010;269:41e53.

108. Fan J, Zhao D, Wu M, Xu Z, Song J. Preparation and micro-
structure of multi-wall carbon nanotubes toughened Al2O3

composite. J Am Ceram Soc. 2006;89:750e753.
109. Lozovik YuE, Minogin AV, Popov AM. Nanomachines based on

carbon nanotubes. Phys Lett A. 2003;313:112e121.
110. Al Faraj A, Shaik AS, Ratemi E, Halwani R. Combination of

drug-conjugated SWCNT nanocarriers for efficient therapy of
cancer stem cells in a breast cancer animal model. J Control
Release. 2016;225:240e251.

111. Hadidi N, Kobarfard F, Nafissi-Varcheh N, Aboofazeli R.
PEGylated single-walled carbon nanotubes as nanocarriers for
cyclosporin a delivery. AAPS PharmSciTech. 2013;14(2):
593e600. https://doi.org/10.1208/s12249-013-9944-2.

112. Mohammadi M, Salmasi Z, Hashemi M, Mosaffa F, Abnous K,
Ramezani M. Single-walled carbon nanotubes functionalized
with aptamer and piperazine-polyethylenimine derivative
for targeted siRNA delivery into breast cancer cells. Int J
Pharm. 2015;485(1e2):50e60. https://doi.org/10.1016/j.
ijpharm.2015.02.031.

113. Liu Z, Peng R. Inorganic nanomaterials for tumor angiogenesis
imaging. Eur J Nucl Med Mol Imaging. 2010;37:147e163.

114. Salvador-Morales C, Flahaut E, Sim E, et al. Complement
activation and protein adsorption by carbon nanotubes. Mol
Immunol. 2006;43:193e201.

115. Shvedova AA, Castranova V, Kisin ER, et al. Exposure to
nanotube material: assessment of nanotube cytotoxicity using
human keratinocyte cells. J Toxicol Environ Health. 2003;66:
1901e1918.

116. Sloan J, Dunin-Borkowski RE, Hutchison JL, et al. The size
distribution, imaging and obstructing properties of C60 and
higher fullerenes formed within arc-grown single-walled car-
bon nanotubes. Chem Phys Lett. 2000;316:191e198.

117. Tuzun RE, Noid DW, Sumpter BG, et al. Dynamics of He/C60 flow
inside carbon nanotubes. Nanotechnology. 1997;8:112e118.

118. Vukovi�c T, Damnjanovi�c M, Milo�sevi�c I. Interaction between
layers of multi-wall carbon nanotubes. Physica E. 2003;16:
259e268.

119. Pantarotto D, Singh R, McCarthy D, et al. Functionalized
carbon nanotubes for plasmid DNA gene delivery. Angew
Chem Int Ed Engl. 2004;43(39):5242.

120. Chen X, Chen H, Tripisciano C, et al. Carbon-nanotube-based
stimuli-responsive controlled-release system. Chemistry.
2011;17:4454e4459.

121. Zheng Q, Jiang Q. Multiwalled carbon nanotubes as gigahertz
oscillators. Phys Rev Lett. 2002, 88045503e1e3.

122. Yu MF, Yakobson BI, Ruoff RS. Controlled sliding and pullout of
nested shells in individual multiwalled carbon nanotubes. J
Phys Chem B. 2000;104:8764e8767.

123. Wei C, Srivastava D. Theory of transport of long polymer
molecules through carbon nanotube channels. Phys Rev Lett.
2003;91, 235901e1e4.

http://refhub.elsevier.com/S2352-3042(19)30096-0/sref77
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref77
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref78
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref78
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref78
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref79
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref79
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref79
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref80
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref80
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref81
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref81
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref81
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref82
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref82
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref82
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref83
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref83
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref84
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref84
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref85
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref85
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref86
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref86
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref87
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref87
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref88
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref88
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref89
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref89
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref89
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref90
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref90
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref91
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref91
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref92
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref92
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref92
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref93
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref93
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref93
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref94
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref94
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref94
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref95
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref95
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref95
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref96
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref96
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref96
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref96
https://doi.org/10.1158/0008-5472.CAN-08-1468
https://doi.org/10.1158/0008-5472.CAN-08-1468
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref98
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref98
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref98
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref98
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref99
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref99
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref99
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref99
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref100
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref100
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref100
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref100
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref101
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref101
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref102
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref102
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref103
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref103
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref103
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref103
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref104
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref104
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref104
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref104
https://doi.org/10.1186/1556-276X-6-555
https://doi.org/10.1186/1556-276X-6-555
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref106
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref106
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref106
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref106
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref107
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref107
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref107
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref107
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref107
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref108
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref108
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref108
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref108
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref108
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref109
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref109
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref109
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref110
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref110
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref110
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref110
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref110
https://doi.org/10.1208/s12249-013-9944-2
https://doi.org/10.1016/j.ijpharm.2015.02.031
https://doi.org/10.1016/j.ijpharm.2015.02.031
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref113
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref113
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref113
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref114
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref114
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref114
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref114
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref115
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref115
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref115
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref115
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref115
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref116
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref116
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref116
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref116
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref116
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref116
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref117
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref117
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref117
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref117
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref118
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref119
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref119
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref119
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref120
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref120
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref120
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref120
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref121
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref121
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref121
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref121
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref122
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref122
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref122
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref122
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref123
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref123
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref123
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref123
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref123


216 N. Jain Singhai, S. Ramteke
124. Ebbesen TW, Ajayan PM. Large-scale synthesis of carbon
nanotubes. Nature. 1992;358:220e222.

125. Bekyarova E, Ni Y, Malarkey EB, et al. Applications of carbon
nanotubes in biotechnology and biomedicine. J Biomed
Nanotechnol. 2005;1:3e17.

126. Sobha K, Pradeep D, Kumari AR, Verma MK, Surendranath K.
Evaluation of the biological activity of the silver nanoparticles
synthesized with the aqueous leaf extract of Rumex acetosa.
Sci Rep. 2017;7:11566. https://doi.org/10.1038/s41598-017-
11853-2.

127. Verma MK, Pulicherla KK. Broad substrate affinity and cata-
lytic diversity of fibrinolytic enzyme from Pheretima post-
humous-Purification and molecular characterization study.
Int J Biol Macromol. 2017;95:1011e1021. https://doi.org/10.
1016/j.ijbiomac.2016.10.090.

128. Verma MK, Pulicherla KK. Enzyme promiscuity in Earthworm
serine protease- Substrate versatility and therapeutic po-
tential. Amino Acids (Vienna). 2016;48(4):941e948. https:
//doi.org/10.1007/s00726-015-2162-3.

129. Verma MK, Sobha K. Understanding mechanism genetic risk
factors in the beginning and progression of rheumatoid
arthritis- Current scenario and future prospect. Inflamm Res.
2015;64(9):647e659.

130. Verma MK, Pulicherla KK. Targeting therapeutics across the
Blood-Brain Barrier (BBB), Prerequisite towards thrombolytic
therapy for a cerebrovascular disorders-an overview and ad-
vancements. AAPS PharmSciTech. 2015;16(2):223e233.

131. Verma MK, Verma YK. Conventional thrombolytic need to
refine at molecular level for safe and efficient management
of Cerebrovascular Disorders-an overview. Int J Pharm Sci.
2013;5(Suppl. 1):448e454.

132. Verma MK, Verma YK, Sobha K, Dey SK. Current prospects of
nano-designs in gene delivery-aiming newhigh for efficient and
targeted gene therapy. Int J Biopharm. 2013;4(3):145e165.

http://refhub.elsevier.com/S2352-3042(19)30096-0/sref124
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref124
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref124
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref125
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref125
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref125
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref125
https://doi.org/10.1038/s41598-017-11853-2
https://doi.org/10.1038/s41598-017-11853-2
https://doi.org/10.1016/j.ijbiomac.2016.10.090
https://doi.org/10.1016/j.ijbiomac.2016.10.090
https://doi.org/10.1007/s00726-015-2162-3
https://doi.org/10.1007/s00726-015-2162-3
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref129
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref129
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref129
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref129
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref129
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref130
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref130
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref130
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref130
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref130
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref131
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref131
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref131
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref131
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref131
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref132
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref132
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref132
http://refhub.elsevier.com/S2352-3042(19)30096-0/sref132

	CNTs mediated CD44 targeting; a paradigm shift in drug delivery for breast cancer
	CD 44 and role in physiology
	CD44 and cancer
	Role of CD44 in breast cancer
	Current approaches to drug delivery
	Paradigm shift in drug delivery vehicles
	CNTs and applications
	Applications of SWCNTs
	Applications of MWCNTs

	Development in SWCNTs for anti-cancerous drug delivery
	Development in MWCNTs for anti-cancerous drug delivery
	Scope and prospects of CNTs
	Conclusion
	Conflict of interest
	Conflict of interest
	Acknowledgment
	References


