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Abstract

The rapid development in nanomaterials has brought great opportunities to cancer
theranostics, which aims to combine diagnostics and therapy for cancer treatment and thereby
improve the healthcare of patients. In this review we focus on the recent progress of several
cancer theranostic strategies using mesoporous silica nanoparticles and carbon-based
nanomaterials. Silicon and carbon are both group IV elements; they have been the most
abundant and significant non-metallic substances in human life. Their intrinsic
physical/chemical properties are of critical importance in the fabrication of multifunctional
drug delivery systems. Responsive nanocarriers constructed using these nanomaterials have
been promising in cancer-specific theranostics during the past decade. In all cases, either a
controlled texture or the chemical functionalization is coupled with adaptive properties, such
as pH-, light-, redox- and magnetic field- triggered responses. Several studies in cells and mice
models have implied their underlying therapeutic efficacy; however, detailed and long-term

in vivo clinical evaluations are certainly required to make these bench-made materials

compatible in real bedside circumstances.

Keywords: theranostics, mesoporous silica nanoparticles, carbon-based nanomaterials, drug

delivery systems

1. Introduction

Cancers do not induce any significant symptoms in the early
stages of the disease. The primary emphasis for asymptomatic
cancers is to focus on screening and early detection.
Traditional clinical diagnostics such as x-ray computed
tomography (CT) and magnetic resonance imaging (MRI)
are not capable of providing sufficient spatial resolution
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of the faint changes in the morphology, which occurs in
most asymptomatic cancers. In addition, the concentration of
relevant biomarkers secreted by cancer cells is usually low.
This results in further difficulties in clinical diagnostics and
the following therapeutics for most of the common techniques
with poor sensitivity.

Traditional chemotherapeutic agents do not discriminate
between rapidly dividing normal cells and tumor cells.
Their poor selectivity leads to systemic side effects, such
as multidrug resistance (MDR) [1]. This has been one of
the critical challenges to providing effective chemotherapy to
cancer patients. With the advent of nanotechnology, research
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into cancer treatments has taken on a new dimension, called
theranostics, which combines diagnostics and therapeutics
to improve the management of healthcare in clinics. In
this regime, the development of molecular diagnostic tools
and targeted therapeutics is inter-connected, aiming at smart
drug release. To circumvent the limitations associated with
non-selective chemotherapeutics, researchers have developed
different stimuli-responsive drug delivery systems (DDS).
The use of micro and nanomaterials such as metals and
non-metals, polymers, liposomes, micelles and nanoclusters
has been developed in many studies [2-7] for smart drug
release. Stimuli-responsive systems for the transport and
delivery of materials to a given location at a specific time are
highly valuable. These drug carriers are systems that sense
the changes in their environment as a stimulus and make
the desired response. Nanoscale materials have the potential
to radically change cancer therapy and to dramatically
improve the efficacy of therapeutic approaches. Consequently,
many innovative DDS have been developed to improve their
sensitivity and specificity for the enhanced and targeted
transport of therapeutic drugs to tumors.

A delicate, smart DDS typically consists of three key
components. (i) Specific ligands to enhance tumor selectivity:
tumor targeting is usually achieved by immobilizing the
ligands, which recognize the cancer-specific receptors, to
ensure the cellular uptake effectively. (ii) Stimuli-responsive
mechanisms for drug release: drug unloading is usually
designed to be triggered by a specific mechanism, such as
the pH or the redox potential, which is known to be distinct
between a tumor and normal tissues. (iii) Optical labeling or
other detectable tracers: this allows the direct visualization
of the delivery. The strategy may enable the optimization
of drug efficacy with minimizing side effects and assist in
improving the drug formulation and development process.
The development of such multifunctional stimuli-responsive
nanostructured DDS requires the design of nanocarriers,
which are biocompatible, composed of non-toxic components,
able to be triggered by stimuli and capable of targeting the
desired cell or tissue, considering the enormous complexity of
the human body. Of all these, the ability to release the drugs
in a time- and site-controllable way is one of the most desired
features for a drug delivery carrier. The stimuli to trigger the
systems could either be internal or external. Depending on the
cellular homeostasis, the internal stimuli could be pH, redox
status or enzymatic activity. External stimuli such as light,
ultrasound or an electromagnetic field could alternatively be
used to achieve the time- and site-specific delivery of drugs.
With increasing interest in such targeted DDS, significant
in vitro experiments have been performed during the last
decade.

In this review, we present an overview of several
theranostic strategies developed for varied cancer treatments
using inorganic silica and carbon-based nanomaterials
(figure 1). Silicon and carbon are the two most abundant
elements on the earth, making them among the most
significant non-metallic substances in close acquaintance with
human life: carbon is the basis for the chemistry of life; silicon
is the major component of electronics and has also been used

in a broad range of practical inventions. Their similarity may
be explained by examining the electronic configuration of
carbon (1s? 2s? 2p?) and silicon (1s? 2s? 2p® 3s? 3p? (3d)).
Both carbon and silicon are group IV elements, having a
valence of 4. In other words, the number of bonding electrons
is the same in the corresponding subshells, such that the
single bond formations of these two elements are very similar
in nature. Both carbon and silicon have a broader hardness.
While diamond is the hardest substance graphite, however, is
a form of carbon and is one of the softest elements known.
On the other hand, silicon carbide is of a similar hardness
to diamond, whereas mica is the silicon version of carbon’s
graphite. Above all, these materials provide the advantages
of low cost and high biocompatibility, making them ideally
suitable for medical diagnosis and therapeutics [8].

Despite these similarities, the differences in the chemical
properties of their compounds are more striking than the
similarities. Carbon makes multiple bonds with other carbon
molecules, forming alkanes such as CHs and C,Hg. These
compounds are analogous to the hydrides of silicon, silanes,
which have the chemical formulae SiHy, SiHg and so on.
However, due to the presence of an available d orbital, silicon
may achieve a covalency of six (e.g. SiFé‘), whereas carbon
forms stable double bonds with other atoms. Furthermore,
because of the larger size and lower electronegativity of
silicon atoms compared to carbon atoms, the silanes react
vigorously with oxygen and water containing hydroxide
ions. By comparison, the alkanes are rather unreactive
compounds. No reaction occurs when alkanes are simply
mixed with oxygen at room temperature. As a matter of fact,
alkanes do not react with water molecules. In addition, while
there are relatively few carbonate salts, the silicates (the
[SiO4]* tetrahedron-shaped anionic group) can be joined in
many different ways, each with a characteristic network of
silicon and oxygen atoms. Thus, silicone polymers combine
properties of organic compounds as well as those of inorganic
compounds, their great stability being especially noteworthy.
This brief consideration of the physical/chemical properties
of carbon and silica-based materials is of critical importance
to evaluate the feasibility of implementing them for the
fabrication of multifunctional nanosystems. This review is
going to focus on the syntheses and developmental studies
of these novel multifunctional materials employed in cancer
theranostics.

2. Silica-based nanomaterials

During recent decades, solid silica nanoparticles (SiNPs) and
mesoporous silica nanoparticles (MSNs) have been primarily
studied and characterized extensively for use in diverse
applications. So far, many synthesis methodologies, such
as sol-gel synthesis and water in the oil microemulsion
technique, have been proposed for synthesizing silica
nanoparticles with tunable particle diameters and morphology.
Essentially, the choice of synthetic method depends on
the requirement of the desired application. For example,
larger particles are often necessary for optical applications,
whereas smaller particles (<50 nm) are desirable for cellular
uptake [9]. However, smaller particles on the nanoscale
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Figure 1. The MSNs and carbon-based nanocarriers as versatile platforms for stimuli-responsive drug delivery in cancer theranostics. The
time- and space- controlled drug release has been achieved by the employment of light, redox potential, pH gradient and magnetic field.
These nanocarriers can be functionalized by (i) biocompatible polymers such as PEG for better blood circulation; (ii) gold nanoparticles or
QDs as optical detection probes; (iii) FA, cell penetrating peptides or antibodies as cancer-specific ligands; and finally, (iv) DNA plasmids

or small interference RNA (siRNA) for gene therapy.

tend to grow and aggregate into large particles. In most
cases, to synthesize nanoparticles with a specific size and
morphology, the microemulsion technique is the method of
choice, since it provides adept control of the nucleation and
growth of particles within the water core of inverse micelles.
By adjusting the concentration of the precursors, the type of
surfactant and the molar ratio of water/surfactant, it is possible
to tune the size and morphology of the resultant particles by
the microemulsion method.

Although SiNPs have been widely applied in DDS and
as optical contrast agents for imaging, the functionalization of
SiNPs was often limited by their surface. On the other hand,
MSN s exhibit a higher surface area and a tunable pore volume,
allowing for a higher loading capacity of therapeutic drugs.
Recently, silica materials for the enzyme immobilization have
been extensively explored. The comparative study of SiNPs
and hollow silica nanoparticles for enzyme immobilization
demonstrated that the protein loading capacity within hollow
silica nanospheres could reach up to more than twice the
amount of that on the SiNPs [10]. Silica materials with a
hollow structure and tunable pore sizes could adapt to diverse
chemical conjugations and facilitate the immobilization of

therapeutic proteins or drugs. As a result, MSNs have become
prevalent nanoplatforms to design smart DDS for biomedical
applications.

A variety of methods have been established to prepare
the MSNs. Stober et al, in the late 1960s, were the first
to report the synthesis of monodispersed and spherical
silica nanoparticles by introducing a high concentration
of surfactant to the traditional sol-gel method [11]. The
Mobil Composition of Matter No. 41 (MCM-41), fabricated
by Mobil’s researchers, was one of the most well-known
MSN structures. Although the silica wall is amorphous,
the interior of the material possesses an extremely ordered
framework with uniform mesopores [12—14]. It was proposed
that the cationic surfactant molecules self-organize into
a hexagonal structure as a template (figure 2) and the
silica precursors co-condense with the cylindrical micelles
to form MSNs of porosity of 2-50nm [14, 15]. Some
studies have further found that the pore structure of MSNs
could be determined by controlling the relative amounts of
silica source and surfactant molecules in the reaction [16].
The synthesis of smaller sized MSNs (<100 nm) has been
developed by dilution of the surfactant [17] or using a
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Figure 2. MCM-41 type MSNs were synthesized via self-assembly of silica and surfactant species. The cationic surfactants could
self-assemble with negative-charged silica precursors to form ordered hexagonal mesoporous nanostructures. Surfactants can be removed

via calcination.

double surfactant system [18]. Following that, a significant
number of studies have demonstrated successful control of
the particle size, morphology and surface functionalization
of the MSN for diverse applications [19-23]. Both novel
optical devices and diffusion-controllable drug delivery
can be fabricated and achieved by orientation confined
one-dimensional mesochannels in films or two-dimensional
(2D) mesochannel alignments within MSNs [24, 25]. In the
following section, we have provided an overview of the
MSN-based stimuli-responsive nanosystems. They include
various triggers such as the pH, redox gradient, light
irradiation and magnetic field, which have been applied to
release drugs in cancer theranostics.

2.1. MSNs in cancer diagnostics and therapy

2.1.1. Light-responsive MSNs. Light has specific physical
characteristics, which can be localized in time and space. As a
result, it has been used as a trigger to release encapsulated
molecules in light-driven micro and nanosystems. Many
researchers have successfully incorporated light-sensitive
molecules into a MSN framework to fabricate light-responsive
DDS (as shown in figure 3). The light-responsive modulation
of the MSN state can be reversible or irreversible, which
usually depends on how the chromophores link to the silica
nanoparticles. Well-known photochromic molecules, such as
azobenzene, spiropyran and salicylideneaniline, could be used
to tune the properties within nanocarriers, by undergoing a
reversible isomerization upon irradiation. The isomerization
of the photochromic component in a nanocarrier can usually
be followed by a thermal or visible reisomerization process.
UV-light in the range of 300-400 nm is generally used for the
light-stimulation, while visible light (A > 400 nm) is typically
used for the initiation of the reisomerization process.

The azobenzene derivatives can be reversibly isomerized
between a planar trans form and non-planar cis form in
aqueous environments [26-28] under UV or visible light
irradiation. In particular, the trans/cis isomerization of
these molecules has been the widest applied photo-activated
mechanism to modulate the MSN state. An irreversible
light-responsive nanosystem can generally be found in
silica nanoparticles having functionalized photocleavable

components instead of photochromic ones. Upon irradiation,
the light-responsive moiety would be cleaved into a more
polar species through an irreversible transformation. The
chromophore o-nitrobenzyl ester (ONB) [29], featuring an
irreversible light-responsive behavior, has been extensively
applied in the UV-light initiated photocleavage reaction. In
addition, under certain conditions, near-infrared (NIR)-light
can also be used for the cleavage of ONB-groups as well.
The reversible or irreversible cross-linking reactions based on
coumarin dimerization have also been applied to the synthesis
of light-responsive MSNs [30]. Various photoresponsive
linkers, such as S-coordinated Ru(bpy),(PPhs)-moieties
(absorption at visible light) [31], thioundecyl-tetraethylene-
glycol-ester-o-nitrobenzylethyl dimethyl ammonium bromide
(TUNA) (absorption at UV region) [32] and 7-amino-
coumarin derivative (CD) (absorption at visible or NIR) [33],
have been functionalized in MSNs as light-driven release
systems. Upon the irradiation of these functionalized MSNs
at corresponding wavelengths, the linkers were cleaved and
the loaded cargos were released from the pores of the MSNs.

It could be noted that UV or blue light has been
frequently applied in light-responsive strategies. Nevertheless,
they are less suitable for in vivo therapeutic applications,
since UV light tends to trigger unwanted responses, including
cellular apoptosis. In addition, the rapid intensity attenuation
of the short-wavelength light in tissues further limits their
applications in biological systems [34]. Therefore, the
irradiation with a wavelength below 700nm, due to the
insufficient penetrability (less than a few micrometers deep),
was often limited to skin or external layers of organs. For
this reason, UV-responsive MSNs were usually only applied
to epidermis or mucosa treatments. To improve the light
penetration in tissue, NIR-triggered smart materials have
recently drawn considerable attention, facilitating a better
resolution in depth (more than a few micrometers) [35]. Such
light-responsive systems are primarily composed of metal
nanoparticles as the core, which could efficiently absorb the
NIR light and convert it to heat for photothermal therapy [36].
Combined with a thermal-responsive polymeric shell or
coordinated bonds, drugs could be released with increased
temperature upon remote NIR light irradiation [37, 38].
It is worth mentioning that the photothermal stability
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Figure 3. Schematic representation of the light-responsive MSNs. The metal core or shell of MSNs can effectively absorb NIR light and
convert it to heat. With functionalization of thermal-responsive polymers on the surface of MSNs, drugs could be released upon remote NIR
irradiation. Therapeutic drugs can also be immobilized on MSNs via photocleavable linkers. Upon irradiation at corresponding
wavelengths, the linkers were cleaved and the cargos were unloaded from the porous structure of MSNs. Additionally, azobenzene
derivatives, with their novel characteristics of the cis trans conformation switch by external light, could thereby be applied as ‘gatekeeper’

molecules to regulate the drug release from MSN-based nanocarriers.

of the metal core becomes important for the successful
implementation of these strategies. Both the loading capacity
of drugs and the intensity of the NIR irradiation may influence
the efficiency of NIR responsive drug delivery, which has been
the pivotal factor for the chemo-photothermal therapy.

2.1.2. pH-responsive MSNs. Recently, some studies [39, 40]
have incorporated pH-responsive materials in MSNs for
endosomal drug delivery, taking advantages of the pH
difference between the extracellular tumor milieu (pH
6.6-7.0) and the intracellular pH 5.9-6.0. A schematic
representation of the pH-responsive MSNs-based DDS is
demonstrated in figure 4. In order to release drugs under
the acidic conditions, such as at pH 5.0-6.0, of late
endosomes [41], designing a nanocomposite that can be
taken up by cells via endocytosis is the major prerequisite
for successful drug delivery. MSNs containing ordered 2D
hexagonal arrays of uniform cylindrical pores of diameter
~2nm are large enough to load molecules, including
anticancer drugs or biological dyes. Macrocyclic organic
molecules, such as the S-cyclodextrin ring, have been applied
as a ‘stopper’ to hinder the cylindrical pores of MSNs. The
noncovalent binding interaction between B-cyclodextrin caps

and the aromatic amine stalks efficiently blocked the nanopore
and trapped the cargo molecules. Lowering the pH could
lead to protonation of the amine stalks and the discharge of
B-cyclodextrin. The cargo molecules could then unload from
the nanopores [42, 43].

Furthermore, more delicate pH-responsive MSNs have
been developed, in which the ‘gatekeeper’ molecules were
covalently bonded inside or at the nanopore entries, for
controlled drug release. Several research groups have
taken great efforts to explore MSNs functionalized with
pH-dependent acid-liable linkers. In principle, the drugs
were covalently linked to the nanoporous structure of
MSNs via acid-sensitive linkers, such as hydrazone and
acetal [44-46]. The drugs can be released, followed by the
cleavage of hydrazone linkers under acidic conditions. In
addition, alternative designs using polyalcohols have also
been applied to modify the surface of MSNs, whereas
the metal nanoparticles such as superparamagnetic Fe;Oy
nanoparticles or gold nanoparticles [47, 48] acting as the
gatekeepers were modified with boronic acids. It is a
reversible process that boronic acids react rapidly with
dialcohols or polyalcohols to form boronate esters at neutral
pH. Under acidic pH, the esters are again hydrolyzed.
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Figure 4. Schematic representation of the pH-responsive MSNs. Four major molecular designs are shown in the figure: (i) B-cyclodextrin
and aromatic amine stalks could serve as effective ‘blockers’ to prevent leakage of drug molecules from nanocarriers. Under acidic pH, the
amine stalks were protonated and the discharge of the S-cyclodextrin ring led to on-site drug release. (ii) Nanoparticles were modified on
the surface of MSNss via acid-liable linkers to trap drug molecules in the silica mesoporous structures. Cleavage of these acid-sensitive
linkers under acidic condition led to drug release. (Alternatively, direct modification of drug molecules with acid-liable linkers can also be
achieved.) (iii) Many metal-containing compounds, especially transition metals, consist of coordination complexes. Drug molecules were
conjugated with ligands or complexing agents, which enabled strong binding with the metal ion. The coordination bonding of the metal ion
and its ligand is sensitive to the external pH and thereby the drug molecules were released. (iv) The dissoluble ZnO QDs could be
conjugated on the MSNS to serve as the nanolids. The ZnO QDs were stable and insoluble under neutral pH and rapidly dissolved at a pH
below 5.5. As a result, drug molecules can be released from MSNs due to the intracellular pH gradient.

Recently, a novel pH-responsive MSNs DDS based on the
interaction of coordinated metal ions and the corresponding
ligands has reported [49]. It is based on the fact that both metal
ions and protons (H") are Lewis acids and both are likely
to compete for ligands (Lewis base). Here, the coordination
bonding of a metal ion and its ligand is sensitive to external
pH. Similarly, the modification of chitosan polymeric film
on the surface of MSNs has been another smart design
for pH-responsive carriers [50-52]. At high pH, chitosan
undergoes shrinkage induced by the deprotonated amino
groups. By decreasing the pH approximately to the isoelectric
point of chitosan, it is possible to reprotonate the amino
groups again. The electrostatic repulsion between chitosan
and the MSN matrix enabled the cargo release. Here, the
delivery of cargo molecules, either in several portions or at
various time periods, could easily be controlled by switching
the environmental pH.

Moreover, dissoluble ZnO quantum dots (QDs)
‘nanolids’ functionalized MSN conjugates have also shown
their potential as pH-responsive nanocarriers. The ZnO
QDs exhibit great stability at neutral pH, but rapidly
dissolve when the pH is below 5.5. As a result, the trapped
molecules can be released from MSNs due to the intracellular
pH gradient [53]. The ZnO QD nanolids may prevent the

cytotoxic drugs from misallocated release. In addition, they
seem to exhibit a synergistic antitumor effect in carcinoma.
However, their cytotoxicity towards normal cells or tissues
has not been analyzed so far, which still remains a critical
issue.

2.1.3. Redox-responsive ~ MSNs. The redox potential
gradient existing between the extracellular and intracellular
environment is a widely exploited physiological stimulus
for subcellular therapeutics delivery. It has been reported
that the concentration of glutathione (GSH) in cytosol is
about 2-10mM. It is much higher than its level in the
extracellular milieu (2-20 ©M) and is also far more abundant
than most of the other redox active compounds [54]. The
glutathione disulfide (GSSH) is maintained at a reduced status
by enzymes such as GSH reductase [55]; the intracellular
GSH level has been tightly regulated by NADH/NAD®,
NADPH/NADP* and the thioredoxin,eq/thioredoxin,, level.
A reduced environment also appeared in the endocytosis
pathway. The excess level of cysteine in lysosome favors
the reduction of disulfide bonds in the co-presence of a
specific enzyme, gamma interferon-inducible lysosomal
thiol-reductase (GILT) [56]. In cancer cells, the intrinsic
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increase in the generation of reactive oxygen species often
induces redox adaptation in response to the sustained
oxidative stress, leading to the up-regulation of antioxidant
molecules, such as GSH [57].

To achieve therapeutic selectivity in cancer theranostics,
in recent years the design of novel redox-responsive drug
nanocarriers, which specifically respond to the redox gradient
in the intracellular milieu of carcinoma, has received
great interest (figure 5). Most of the current MSN-based
GSH-mediated controlled release systems share a setup
similar to pH-responsive DDS. Cap or gatekeeper molecules,
such as collagen [58], polyethylene glycol (PEG) [59]
or cyclodextrin [60, 61], were stably functionalized on
the surface of MSNs using disulfide bond linkers. This
prevented the drugs leakage during the delivery routes
and ensured that the drugs were released only under
reducing conditions. Anticancer drugs, such as doxorubicin
(DOX), or dye molecules could also be covalently linked
to the inner channels of MSNs via disulfide bonds, to
minimize the potential degradation triggered by the chaotic
milieu of the biological system [62, 63]. Additionally, organic
polymers have also been applied as a surface coating to trap
the cargo molecules in the cylindrical pores of the MSNs
[64, 65].

2.1.4. Magnetic-responsive MSNs. In addition to the light,
pH and redox potential, a magnetic field could also serve
as an external stimulus to trigger the release of molecules
from MSNs. Magnetic nanostructures are of importance
in biomedical applications, not only for bioimaging but
also for theranostics. MRI is the most representative
clinical diagnostic modality, characterized by non-invasive,
non-ionizing, real-time and cost-effective features. For
soft tissue imaging, researchers commonly employ Gd**
molecules as chemical contrast agents. In addition to Gd*,
magnetic nanoparticles (mNPs) of elements such as Fe, Ni,
Co, Mn, Cr, as well as their chemical compounds are also
used in MRI. However, these mNPs alone are usually not
target-specific and may circulate throughout the body fluid
and enter the large volumes of the blood flow system. The
combination of mNPs and MSNs constitutes a promising
alternative for drug targeting, as mNPs can carry a drug either
attached on their surface or entrapped in a surface coating,
which maximizes its drug loading capacity. Exploiting the
magnetic effect, the drug could be magnetically guided to the
target organ for specific release. Due to the merits of magnetic
nanostructures in inducing a hyperthermic effect under an
oscillating magnetic field and the contrast enhancement for
MRI [66, 67], the conjugation of mNPs within mesoporous
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silica nanostructures holds great promise for hyperthermia
therapy.

Typically, two types of MRI contrast agents, namely,
T, and T,, are used (figure 6). For T; MRI tracking
methods, ‘positive’ contrast agents are usually used [68]. A
metal—chelator complex of gadolinium such as Gd-DTPA has
been applied as the preferred technique for MRI and has
entered the clinical arena [69, 70]. Alternatively, MRI contrast
could be enhanced by using manganese oxide nanoparticles as
the T; relaxation agent. Recently, manganese has been used
in direct labeling of cells in vitro and for imaging the tumors
in vivo [71, 72]. Here, to alter the transverse (T;) relaxation
times of water protons, the researchers usually employ the
T, agents. In the past decade, T, MRI has been created by
using ‘negative’ contrast agents; this mode provides dark,
negative signals in the images when signal intensity increases.
Superparamagnetic iron oxide (SPIOs)-capped MSN [73]
appeared to be ideal T, MRI contrast agents for monitoring
cells and animal tumors, owing to their high sensitivity,
excellent biocompatibility and simple detection [74, 75]. The
improved stability of the mNPs—MSNs hybrid materials and
the potential synergism in local heat production shall enable a
better clinical efficacy [76—78]. Significant advances derived
from in vitro experiments have been attained; however, in vivo
tests have rarely been performed. Much research endeavor is
still required to permit the transit from bench to bedside.

Table 1 provides a brief overview of the various
stimuli-responsive  MSN-based DDS applied in cancer
theranostics. As evidenced from the extensive data,
MSN-based DDS have progressed significantly in the

past decade. Besides, functionalized MSNs have emerged as
promising materials for imaging and drug delivery in cancer
theranostics. Here, the cargo molecules can either be loaded
into the nanoporous structure of MSN or covalently modified
on the surface of MSNs by diverse linkers. By varying
the conjugated linkers or nanoparticles, different types of
stimuli-responsive nanocarriers, including irradiation, pH,
redox and magnetic-driven systems, can be flexibly fabricated.
However, silicone polymers have the inherent limitation of
having poor optical properties. This often demands laborious
chemical modifications to create the required characteristics,
especially for non-invasive theranostics.

In the following sections, we will provide an outline of
the recent advances in carbon-based nanomaterials. Lately,
several interdisciplinary research teams are beginning to focus
on carbon-based materials for cancer theranostics [79-83].
The increased interest in these carbon-based nanomaterials
is owing to their inherent physical and chemical properties,
including NIR emission and a high surface area-to-volume
ratio. Additionally, the low toxicity, high biocompatibility
and cost-effectiveness, make them ideal candidates for
biotheranostics [84—89].

3. Carbon-based nanomaterials

Among the numerous types of nanomaterials developed
in recent years, research on nanocarbons such as carbon
nanotubes, graphene, fullerene, nanodiamond and carbon
nanoparticles (CNPs) has emerged as a booming area,
especially for the development of delivery vehicles for
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Table 1. Various stimuli-responsive MSNs-based DDS applied in cancer theranostics.
Mechanisms Applied materials for responsive release Release condition Biological models Ref.
Light-sensitive Azobenzene derivatives 351 nm N/A? [26]
Azobenzene derivatives 450 nm N/A [27]
Azobenzene derivatives 450 nm CEM and A549 cells [28]
S-coordinated Ru(bpy), (PPhs) 455 nm N/A [31]
Thioundecyl-tetracthylene-glycolester- 365 nm Human liver and [32]
o-nitrobenzylethyldimethyl fibroblast cells
ammonium bromide (TUNA)
7-amino-coumarin derivative (CD) 420 or 800 nm HeLa cells [33]
Gold nanoshells 824 nm Hep-G2 cells [36]
Pd@ Ag nanoplate core 808 nm Hep-G2 cells [37]
Gold nanorods 808 nm U87 cells [38]
pH-sensitive 3,4-dihydroxybenzaldehyde (DihBen)-Fe** pH <6 Hep-G2 cells [37]
B-cyclodextrin pH<S N/A [42]
B-cyclodextrin pH<6 THP-1 and KB-31 cells [43]
Hydrazone bonds pH<5 HT-29 [44]
Hydrazone bonds pH<5.5 Hep-G2 cells, mice [45]
Acetal group pH<4 N/A [46]
Boronate ester pH<4 MC3T3-El cells [47]
Boronate ester pH<S N/A [48]
Metal ion-ligand pH<1.2-6.5 N/A [49]
(dependent on ligand)
Chitosan pH<5 N/A [50]
Chitosan pH<6.8 N/A [51]
Chitosan pH<6.8 HelLa cells [52]
ZnO QDs dissolution pH<S5.5 HeLa cells [53]
Redox-sensitive Collagen 30mM DTT Hep-G2 cells [58]
PEG 1 mM GSH MCEF-7 [59]
Cyclodextrin 0.1mM DTT or 0.1 mM GSH  A549 cells [60]
Cyclodextrin 10mM GSH or pH < 5.5 HeLa and HEK [61]
293 cells
S-S-ATTO633 10 mM GSH HuH7 cells [62]
S-S-DOX 1% Mercaptoethanol SKBR3 cells [63]
Poly-(vinylpyrrolidone) (PVPON) 30mg mL~! DTT HelLa and QGY [64]
and thiolated poly(methacrylic 7703 cells
acid) (PMAgy)
Oligo-(ethylene glycol) monomethyl 0.02mM DTT N/A [65]
ether methacrylate (OEGMA)
and 1,8-naphthalimide-based
pH-sensing monomer (NaphMA)
Magnetic-triggered  Gd@SiO, — PEGsy MRI-T1 NIH3T3 cells, rat brain [68]
NaYF 4 :Tm/Yb/Gd@MSN MRI - T1 MCF-7 cell, [69]
Waker-256 tumor
GdSi, 0,-MSN MRI - T1 N/A [70]
HMnO@MSN MRI-T1 Stem cell (male [71]
C57B1/6] mice),
C15/BL6 male mice
MnOx-HMSNs MRI - T1 MCF-7/ADR cells, [72]
MRI - T2 vx2 tumor
Fe;0,@MSN MRI - T2 A549 cells [73]
Fe;04@MSN MRI - T2 B16 - F10 melanoma cells [74]
and MCF-7 cell, mice tumor
Fe,0; @Si0, @mSiO, MRI - T2 MCEF-7 cell, [75]
tumor-bearing mouse
Gd-Si-DTPA-Au@mSiO, MRI - T1 MCEF-7 cell [75]
and Gd-Si-DTPA
ZnNCs core Alternating magnetic field N/A [76]
at 37.4kAm~! and 500 kHz
y-Fe,0; Alternating magnetic field N/A [77]
at 24kA m~! and 100 kHz
SPIO-nanoparticles Alternating magnetic field A172, Hep-G2, [78]

at (50 Hz, 1570 G)

HCM, A549, 293T,
SW480, BE(2)-C
and A431 cells

2 N/A: not available.
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imaging agents and drugs. Nanodiamond was first studied in
the 1960s in Russia and recently began to be highlighted in
medical applications [79]. In 1985, fullerene was discovered
as a new class of carbon molecules [90]. The soccer-shaped
fullerene possesses an extended w—conjugation system and is
composed of sixty carbon atoms. Upon functionalization, it
becomes water-soluble and enables applications in biological
systems.

The carbon nanotube (CNT), an allotrope of carbon
with a cylindrical structure, was first discovered by
lijima in 1991 [91]. It was commonly prepared by
three major techniques: laser ablation, thermal or plasma
enhanced chemical vapor deposition and electric arc
discharge [92]. Depending of the number of cylindrical
grapheme layers, CNTs can be mainly categorized into
two groups: single-walled carbon nanotubes (SWNTs) and
multi-walled carbon nanotubes (MWNTs). Graphene is a
novel 2D carbon material, which has gained significant
interest since scientists isolated a graphene sheet from
graphite crystal in 2004 [93]. Since then, graphene and
graphene oxide (GO) were employed in a variety of
applications in the biomedical field [94, 95]. Yet another
form of carbon, CNPs, has recently been discovered. CNPs
were separated and purified from an arc-discharge CNT by
electrophoresis [96]. Following the development of novel
sensors and fluorescent molecule probes based on CNPs,
research on CNPs has become the prevailing direction in
bioimaging and diagnostics [97, 98].

Firstly, we will review the current status of CNT-based
nanosystems in cancer theranostics, especially various
diagnostic strategies and stimuli-responsive DDS, which
exhibited designs similar to MSN-based nanoconstructs.
One of the most important properties of CNTs is their
intrinsic photoluminescence at the NIR region. In addition,
some studies have revealed their capability to penetrate cell
membranes, which provides a route for the delivery of cargoes
into the cytoplasm and, in many cases, to the nucleus of
cells [99]. The high aspect ratio (i.e. length divided by
width) of CNTs presents a large surface area for surface
modification with various functionalities. Moreover, similar
to MSNs, cargoes can be attached to the surfaces (inner or
outer) or even packaged within the core of the tubes [100]. As
inspiring as these studies have been, the application of CNTs
for improving the treatment of cancerous malignancies may
not be just an illusion anymore.

3.1. CNTs in cancer diagnostics

Early detection and monitoring of cancer by techniques
like photoacoustic imaging may greatly improve the life
quality of cancer patients. Conventionally, photoacoustic
imaging of cancer at early stages of the disease demands an
effective contrast agent, which can convert the light effectively
to ultrasound waves. The detection at the NIR or longer
wavelength region (700-1100nm) is highly preferred over
the conventional UV-VIS window in biological systems,
as NIR absorption in tissue is rather weak. Additionally,
low background signals in the longer wavelength region
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enables the cells to be imaged at deeper tissue sections [101].
In general, cancer cells present in the blood stream are
very few in number, making it extremely difficult to
distinguish them from the blood cells in the absence of any
tumor-specific ligands. Under such conditions, the exogenous
use of contrast agents with tumor-specific ligands may
facilitate the recognition and detection of the cancer cells.
Shi et al [102] had synthesized multifunctional MWNTs for
cell targeting and imaging. Both tumor-specific ligands (folic
acid (FA)) and the imaging probes (fluorescein isothiocyanate
(FITC)) attached to the surface of acid-treated MWNTs by
a one-step dendrimer-mediated poly(amidoamine) reaction.
Flow cytometry and confocal microscopic results have shown
that the MWNT-nanocomposites can specifically target the
cancer cells overexpressing folate receptors and can be
visualized via FITC labels.

Similarly, = Welsher et al  [103]  reported
PEG-functionalized SWNTs with a selective Rituxan
antibody, which is capable of recognizing CD20 on B cells.
The PEG coating of SWNTs enhanced the stability of the
nanocomposite and its biodistribution. Most important of
all, the intrinsic NIR fluorescence of SWNTs could serve
as optical tracers for bioimaging, without the necessity
to label additional fluorescence tags. The data revealed
the feasibility of observing interactions between various
types of functionalized SWNTs and the living cells, with
low interference in auto-fluorescence. Another similar
design, which features surface modification of SWNTs
with indocyanine green (SWNT-ICG) dye, demonstrated
a photoacoustic agent with ultrahigh sensitivity [104].
The immobilization of Arg-Gly-Asp (RGD) peptides on
SWNT-ICG enabled the recognition of the cell adhesion
molecule, oyB; integrins. The in vivo mice experiments
indicated that the signal intensity was 300-fold higher in
the new contrast agent than that in the case of those already
reported. Moreover, this nanoplatform can be applied to
detect approximately 20-fold fewer cancer cells than previous
SWNT-related studies. Guo et al [105] was the first group
to use conjugated QDs to increase luminescence during
in vivo mice imaging. The QDs and the anti-cancer drug
were chemically coupled on the SWNTs by a novel plasma
polymerization approach that deposited ultrathin polymer
films. Inductively coupled plasma-mass spectrometry
(ICP-MS) analysis has shown the accumulation of CNT-QD
in the liver, kidney, stomach and intestine of the mice. The
data also suggested that the strong luminescence of QD
enables it to serve as a photoacoustic contrast agent for in
vivo imaging.

For the early detection of cancer, CNTs doped with
superparamagnetic Gd** ion clusters (gadonanotubes) have
been used as an alternative contrast agent [106]. The Gd*
ion cluster exhibits unparalleled high relaxivity and pH
dependence. Under appropriate conditions (1.5 T, 37 °C, pH =
6.4), the r; relaxivity of a gadonanotube is 40-fold greater than
any current Gd>* jon-based clinical agent. This pH-sensitive
probe might be developed as a clinical agent against cancers,
where the pH at malignant lesions can drop to seven or below.
Additional CNT-based imaging systems are summarized in
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Table 2. CNT-based imaging/diagnostic systems in cancer theranostics.

Photoacoustic agents Tumor-target ligands Real samples Ref.

QD/MWNTs N/A® Mice [102]
PEG/SWNTs Rituxan and Herceptin antibody =~ CD20 and HER2/neu [103]
Indocyanine/SWNTs RGD peptides Mouse(w, B3 integrins) [104]
QD/MWNTs N/A PC-3MM2 [105]
Gd* ion cluster/SWNTs  N/A N/A [106]
SWNTs RGD peptides Xenograft tumor mouse model (U87MG)  [165]
SWNTs RGD peptides Xenograft tumor mouse model (U§7MG)  [166]
PAMAM/FITC/MWNTs  FA KB-HFAR [167]

2 N/A: not available.

table 2. As already shown in these studies, CNTs exhibit
excellent chemical/physical properties and photoacoustic
contrast. These encouraging results provide a new direction
for early cancer diagnostics. Moreover, diverse novel designs
provide an opportunity to overcome traditional limitations in
cancer therapy in the future.

3.2. CNTs in cancer therapy

Unlike traditional cancer therapies such as surgery,
chemotherapy or radiotherapy, CNTs serve as smart
nanomaterials for the development of novel DDS in cancer
theranostics. There have been at least three types of
CNT-based cancer treatments, including small molecule
drug delivery, photothermal therapy and gene delivery, in
which the removal of cancer cells could be achieved via
different stimuli-responsive designs similar to MSN-based
nanosystems. Here, we have summarized the important
results demonstrated by the current studies and the potential
applications of CNT-based nanomaterials in clinics.

3.2.1. Chemotherapy. The genesis of applying CNTs
as novel drug carriers originated owing to their high
surface area-to-volume ratio and the hydrophobic surface.
Many biomolecules, such as oligonucleotides, small
interference RNAs (siRNAs), drugs and fluorescent dyes
with aromatic ring structures, can easily be immobilized
onto CNTs by physical adsorption. Moreover, the
acid-mediated oxidation of CNTs contributes to the high
density of carboxyl group on the sidewalls of CNTs.
As a result, ligands or molecules with amino groups
can also be tethered on the CNTs via the conventional
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxy-
succinimide (EDC/NHS) crosslinking method to enhance
the targeting selectivity. Additionally, the ability of CNTs to
cross the cell membrane by endocytosis further implies their
potential to serve as multifunctional DDS.

Table 3 outlines the recent developments in CNT-based
DDS, especially with a focus on cancer theranostics. Heister
et al [107] demonstrated the functionalization of SWNTs
with a monoclonal antibody as the tumor targeting ligand,
the anti-cancer drug ‘doxorubicin’ and a fluorescent tag,
to construct the triple-function nanocarrier. The results
have validated the successful delivery of anti-cancer drugs
to human cancer cells via this SWNT-based nanocarrier.
The study indicated that the SWNTs were retained in
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the cytoplasm, while the drugs released from the SWNTs
were translocated to the nuclei. Similarly, Chen et al [108]
designed and synthesized biotin-modified SWNTSs as a novel
multi-functional DDS. In this study, biotin was used as the
tumor-targeting module and the drug release was regulated
through the cleavage of the disulfide bond (figure 7). It
occurred at the tumor region where the high concentration of
endogenous thiols, such as GSH or thioredoxin, was found.

Likewise, Dhar er al [109] demonstrated the use of PEG
to enhance the solubility of SWNTs in water. Additionally,
the PEG coating improved the biocompatibility of the
material, solving the problem concerning the short retention
period of low-molecular-weight Pt(IV) drugs in the blood
circulation. In addition, a folate derivative was conjugated
on the SWNTs to incorporate the targeting ability to
cancer cells having high folate receptor overexpression. The
supramolecular pH-sensitive DDS, in which the PEG-coated
water soluble SWNTs again served as the carrier, was
developed by Liu et al [110]. The cancer drugs and
fluorescence tags were adsorbed via m—m stacking. In
the study, the authors also found that the release rate
of molecules from SWNTs depended on the diameter of
the nanotube. Finally, the challenge in the K562 human
leukemia cells having MDR has been currently resolved.
The anti-P-glycoprotein antibody functionalized SWNTs with
loaded DOX were synthesized by Li et al [111]. The
results suggested that the prepared SWNT-based nanocarriers
specifically and effectively targeted the drug resistant-K562
cells, leading to high cytotoxicity and the suppression of their
proliferation.

3.2.2. Photothermal therapy. As mentioned earlier in this
review, conventional cancer treatments are often harmful
and systematically damage both the cancer cells and normal
tissues. Therefore, targeted-thermal ablation of cancer cells
has emerged as a practical alternative to conventional cancer
therapies. At temperatures over 40 °C, photothermal therapy
induces protein denaturation or membrane damage, resulting
in cell death [112]. CNTs enable the absorption of NIR light
(wavelength of 700-1100nm) and convert into heat, which
provides the potential for targeted thermal therapy [113, 114].
The heat generated via the enhanced vibrational modes of
the carbon lattice originates from the excitation of the optical
transitions followed by the relaxation [115]. The inherent
physicochemical properties of CNTs facilitate the use this
material for a less invasive ablation technique in photothermal
therapy.
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Table 3. CNT-based nanocomposites in cancer theranostics: applications in chemo-, photothermal- and gene therapy.
Types CNTs-based materials Tumor -specific ligands ~ Tumor models Ref.
Chemo-therapy Cisplatin/SWNTs Epidermal growth factor ~ Neck squamous-carcinoma [89]
Doxorubicin/SWNTs Monoclonal antibody WiDr [107]
Pt (IV)/SWNTs Biotin L1210FR leukemia [108]
DOX/SWNTs Folate KB [109]
DOX/SWNTs RGD peptide U8TMG [110]
DOX/SWNTs P-Glycoprotein K562 leukemia [111]
10-hydrooxycamptothecin/ N/A® H22 [168]
MWNTs
DOX/SWNTs FA HeLa [169]
Taxo0id/SWNTs N/A Raji [170]
Pt (IV)/SWNTs N/A NTera-2 [171]
MWNTs/DOX N/A MCF-7 [172]
Photo thermal-therapy =~ Gold/SWNTs Antibody Mice (LEC) [82]
PEG/PMHC,3/SWNTs N/A Xenograft tumor mouse model (4T1)  [85]
DNA/MWNTs N/A Xenograft tumor mouse model (PC3)  [112]
PEG/SWNTs N/A Xenograft tumor mouse model (KB) [113]
DSPE-PEG/SWNTs Antibody Daudi and PBMCs [114]
C18/PMH/mPEG/SWNTs N/A Xenograft tumor mouse model (4T1)  [116]
and DSPE/mPEG SWNTs
SWNTs (CoMoCAT) Folate EMT6 [117]
Ferromagnet /SWNTs N/A N/A [118]
SWNTs and MWNTs N/A E. coli [173]
Kentera/SWNTSs N/A VX2 [174]
Gene-therapy PEI/ASODNs/CdTe /MWNTs N/A HeLa [86]
Dendron/Atto655 /siRNA/MWNTs  N/A HelLa [124]

2 N/A: not available.

Robinson et al [116] proposed the intravenous injection
of SWNTs for in vivo tumor imaging and photothermal
therapy. The SWNTs absorbed light at 808 nm and emitted
photoluminescence at 1000-1400nm. The distribution of
SWNTs in tumors can also be identified using Raman spectra
with high spatial resolution. Under laser exposure, the tumor
in mice was completely eliminated without any side effects.
Alternative research [117] employed the silica-supported
bimetallic cobalt-molybdate catalyst SWNTs (CoMoCAT),
which had a uniform size distribution of 0.81nm and a
narrow NIR absorption at 980nm. The folate-conjugated
SWNTs (FA-SWNT) specifically targeted cancer cells having
an overexpression of folate receptors, both in vitro and in vivo.

Ghosh et al [112] designed the DNA-encased MWNTSs
to enhance the heat emission for photothermal therapy, which
resulted in a three-fold reduction in the concentration required
to achieve an increase in temperature of 10°C. The reason
may be owing to less DNA-MWNTs aggregation rather than
non-DNA MWNTs. The results clearly demonstrated that the
intra-tumor injection of a limited quantity of DNA-MWNTs
could be sufficient enough to eradicate xenograft tumors
in mice. Furthermore, the gold-plated carbon nanotube
(GNT) developed by Kim er al [82] has been applied
as a photoacoustic contrast agent and for photothermal
therapy (figure 8). The deposited gold film facilitated the
conjugation of the antibodies at the surface of CNTs. The
data indicated that the GNT exhibited minimal toxicity and a
two-order enhancement in NIR contrast. Recently, Klingeler
et al [118] synthesized magnetic-responsive MWNT for
hyperthermia. The ferromagnetically filled CNTs allowed the
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non-invasive elevation of temperature in vivo, after employing
the magnetic field. In addition, the synergic effect with
the loaded anti-cancer drug was an additional merit. So
far, numerous groups have developed different strategies
for photothermal therapy, using CNTs. Further studies on
CNT-based theranostic nanoplatforms can be referred to in
table 3. Although these reports provide us with some hints
to optimize the CNT-based material, detailed in vivo studies
are still rather limited.

3.2.3. Gene therapy. Gene therapy, which directly delivers
the oligonucleotides or nucleic acids to cancer cells and
inhibits them at the gene level, is a promising strategy,
alternative to common radiotherapy or chemotherapy
[119, 120]. In current studies, most effective gene delivery
systems have been achieved by viral vectors [121]. However,
virions pose serious cytotoxic side effects, such as
inflammation, immunogenic and oncogenic responses.
Concerned about these unfavorable factors, researchers
strived to develop non-viral carriers, for instance, liposomes,
cell-penetrating peptides and cationic lipid polymers
[119, 122, 123]. Nevertheless, the transfection efficiency of
non-viral systems is often lower than that of viral vectors
due to their poor intracellular uptake and susceptibility to
proteases degradation. To overcome the abovementioned
bottleneck, CNTs, with their simple-functionalized surface,
great membrane penetration and low immunogenicity, have
recently been identified as a potential alternative.

According to the study by Herrero et al [124],
a series of dendron derivatives with positively charged
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Figure 7. Schematic of a tumor-targeted DDS that uses biotin-linker-taxoid functionalized SWNT nanoconjugates. A link to
tumor-targeting modules as well as pro-drug modules has been demonstrated. The tumor-recognition modules were designed by the
attachment of biotin and a spacer to the nanotube surface. The conjugation of pro-drug modules of an anticancer agent (taxoid with a
cleavable S-S linker) were achieved, which could be activated to its cytotoxic form inside the cancer cells upon internalization and in situ
drug release. Adapted with permission from Chen et al [108]. Copyright® 2008, American Chemical Society.

tetra-alkyl ammonium functionalized on MWNT could serve
as a siRNA nanocarrier. The positively charged surface
improves both the MWNTs solubility and the membrane
penetration. By using fluorescence tags, further study
suggested that the single-chain dendron derivatives exhibit
the best siRNA delivery efficiency; it has also shown better
performance than the conventional liposome-based gene
carriers. Another study [86] focused on the development
of MWNT-based nanocarriers with functionalized antisense
therapeutic oligodeoxynucleotides (ASODNs) and CdTe
QDs, prepared via a simple electrostatic-driven layer-by-layer
(LbL) strategy (figure 9). Here, the QDs served as optical
tracers to enable the visualization of the intracellular delivery.
The results demonstrated that the ASODNs/CdTe/MWNT
nanocomposite could efficiently be used for nucleus
translocation and showed good anti-cancer activity.

3.3. Other carbon-based nanomaterials in cancer
theranostics

Besides CNTs, the other fullerene family also possesses some
unique physicochemical properties, which can be adapted
to develop novel DDS for cancer theranostics. In the last
section of this review, we will provide a brief outline of the
current progress in nanodiamond, graphene-derivatives and
CNPs. Although clinical applications of these nanomaterials
are still in their infancy and relatively few studies have been
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reported in the literature, the results derived so far indicate the
possibilities for significant breakthroughs in the near future.

Graphene is a typical 2D carbon-based nanomaterial
with characteristic sp?> hybridized orbitals and an absorption
spectra similar to CNTs. Compared to the sophisticated
experimental techniques required for the synthesis of CNTs,
graphene could be economically fabricated on a large scale
from graphite. Consequently, the research on graphene-based
DDS for photothermal or gene therapies has recently taken
a great leap [125, 126]. Markovic et al [127] compared
the photothermal activity of graphene nanoparticles and
CNTs; they demonstrated that polyvinylpyrrolidone-modified
graphene nanoparticles generate more heat than DNA
or sodium-dodecylbenzenesulfonate-solubilized CNTs, to
destroy U251 human glioma cells in vitro. Similarly, another
group studied the delivery of graphene sheets in vivo [81]. In
this study, PEG with functionalized amino groups was coated
on the nanographene sheet (NGS) to enable the labeling of
fluorescent dyes. The half-life of PEG-coated NGS in the
blood circulation system can reach up to ~1.5h. The strong
NIR absorption of functionalized-NGS facilitated the efficacy
of photothermal therapy and tumors were ablated effectively
in mice. By employing a tumor-specific ligand on NGS, a
long retention time in tumor cells and the kidney system
(i.e., an enhanced permeability and retention effect) has been
observed. No obvious side effects were observed either by
histology staining or blood analysis in mice.
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Figure 8. Schematics of GNT-assisted photothermal (PT) and photoacoustic (PA) theranostics. (a) The synthesis of GNTs and the targeted
delivery. (b) The principle of targeting endothelial LY VE-1 receptors with antibody—GNT complex (left panel) and PA (top right) and PT
(bottom right) detection modules. GNTs conjugated with an antibody specific to the LY VE-1 receptor (anti-LY VE-1 antibody) were
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relatively low laser energy were used for non-invasive diagnostics. For therapeutic purposes, such as ablating individual cells locally, the
increased laser energy accompanied by microbubble formation could be applied. Adapted with permission from Kim et al [82]. Copyright®

2009, Rights Managed by Nature Publishing Group.

Similarly, Robinson et al [128] reported the use of
a reduced graphene oxide (nano-rGO) single layer of
size 20nm for photothermal therapy. As demonstrated
in figure 10, the modification of amphiphilic, PEGylated
polymers and RGD peptides ensured the stability of the DDS
and also the selective uptake of U887 mg cancer cells. The
results have shown a six-fold higher NIR absorption than
non-reduced GO after light stimulation. This once again
implies its potential as an efficient photothermal agent. In
addition to these materials, several other stimuli-responsive
GO-based DDS nanoplatforms have also been reported. For
instance, a magnetically-driven superparamagnetic Fe;Oy
nanoparticle-GO hybrid synthesized by the chemical
precipitation method has been employed in cancer
therapy [129]. The authors chemically modified the FA
on the hybrid to target HeLa cells. The anti-tumor drug,
DOX, was loaded onto the surface of the GO hybrid via 7—7
stacking, with a loading capacity as high as 0.387 mg mg~!
The resulting multi-functionalized DDS not only responded
to the magnetic field, but also depended strongly on the pH
values for drug unloading.

Quantum-sized (1-10nm) fluorescent CNPs [97,
96-132] are another promising carbon-based nanomaterial
for cancer therapy. For both in vitro and in vivo clinical
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applications, fluorescent CNPs have demonstrated the
advantages of environment-friendliness, diminutive toxicity
and low cost over semiconductor QDs. Owing to these
unique features, they hold the promise for applications such
as drug delivery, biosensing and bioimaging. One known
example is nanocrystalline diamond (ND) with its inherent
diamond-lattice structure. Due to its superior chemical,
physical and biological properties, ND has been developed
as a multifunctional platform for cancer identification and
therapeutics [79]. The small particle size makes it trouble-free
to enter the cells by diffusion or endocytosis. Similar to the
chemical modifications of CNTs, most of the strategies
can be applied in ND to create specific targeting ligand or
biocompatible polymers.

Huang et al [133] have demonstrated efficient
ND-driven DOX delivery regulated by Cl™. Similarly, Chen
et al [134] demonstrated the cluster-mediated interactions
of water-dispersible ND with several hydrophobic drugs to
enhance their dispersion in water with preserved functionality,
thereby enabling novel treatment paradigms that were
previously unrealized. In that study, common anti-cancer
drugs such as Purvalanol A and 4-hydrooxytamoxifen
(4-OHT), which were respectively used in hepatocarinoma
and breast cancer therapy, were considered for the
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Figure 9. A CNTs-based gene delivery system fabricated by LbL assembling. The antisense oligodeoxynucleotides (ASODNs) as a
therapeutic gene could easily be immobilized on the acid-treated CNTs via the coating of positively charged polymers at the interfaces.
Additionally, fluorescent probes such as CdTe QDs could be labeled in ASODNSs to track the uptake of materials. Reprinted (adapted) with
permission from Jia et al [86]. Copyright® 2007, American Chemical Society.

Figure 10. The nanosized, reduced graphene oxide (nano-rGO) sheets with high NIR light absorbance and biocompatibility for potential
photothermal therapy. The figure illustrates that the attachment of a targeting peptide bearing the RGD motif to nano-rGO afforded selective
cellular uptake in cancer cells via «, 85 integrin receptors recognition. In this nanosystem, stability was further improved by the noncovalent
functionalization of amphiphilic PEGylated polymers on the nano-rGO sheets. Adapted with permission from Robinson et al [128].
Copyright® 2011, American Chemical Society.

investigations. The results have shown that ND-mediated weight (M) polyethyleneimine (PEI) functionalized
DDS improved the therapeutic efficacy of examined cancers. ND-based nanocarrier and different plasmid DNAs, such
Likewise, Zhang et al [135] developed a low molecular as the GFP vector that can be electrostatically adsorbed on
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Fura-Z

Intracelluar Release

Figure 11. A structurally ordered MCN synthesized using a MCM-48 type MSN as the template. This MCN material could serve as a
transmembrane delivery vehicle for the intracellular release of a cell membrane impermeable fluorescence dye, Fura-2, inside human
cervical cancer cells (HeLa). Adapted with permission from Kim et al [88]. Copyright® 2008, American Chemical Society.

the surface of the carrier. The study demonstrated the low
cytotoxicity and high transfection efficiency of PEI/NDs
compared to the PEI system. The other ND-based system [84]
was developed using the LbL deposition technique via
electrostatic interaction. As the first step, positively charged
polylysine was deposited onto a glass slide, followed by the
deposition of negatively charged ND. Finally, the positively
charged drugs were immobilized. This DDS successfully
suppressed the release of inflammatory mediators and
exhibited high biocompatibility in the biological system.
The same group [87] proposed a DOX containing a
parylene-ND-based hybrid to establish a flexible, robust and
slow drug release nanoplatform. The microfilm is capable of
slowly releasing the drug for at least 1 month at the rather
localized malignant region.

Nevertheless, the synthesis of ND, which involves
detonation reactions, is difficult implement on an industrial
scale. That said, amorphous CNPs recently became the
popular alternative. Amorphous CNPs could be prepared by
methods such as the electroxidation of graphite [136], the
treatment of carbon precursors with HNO;3; [137] and the
hydrothermal decomposition of organic compounds [138].
Liu et al [97] obtained amorphous CNTs by treating
the carbon precursor with HNO;, followed by refluxing,
centrifugation, neutralization and dialysis, to purify the
end products. Alternatively, Xu et al [96] employed
electrophoresis to separately enrich different lengths of
CNTs and fluorescent nanoparticles. Fluorescent CNPs
prepared by Cao et al [80] were synthesized using
poly(propionyl-ethylenimine-co-ethylenimine) (PPEI-EI) as
the surface passivation agent. Due to the small size
(sub-10nm) of CNPs, the nanoparticles easily diffused into
the cytoplasma of human breast cancer cells MCF-7 and
enabled fluorescent imaging.

Additional examples, such as structurally ordered
mesoporous carbon nanoparticles (MCN) with a high surface
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area and pore morphology, have also been reported [88].
The authors employed MCN loaded with a membrane
impermeable fluorescence dye (Fura-2), to investigate the
delivery of the MCN (as shown in figure 11). Using this
system, they successfully observed its uptake by HeLa
cells with negligible cytotoxicity. In addition, fullerene with
inherent m-conjugation, which absorbs visible light and
generates reactive oxygen species after illumination, can also
be applied for photodynamic therapy. The study indicated
that both Type I (photogeneration of superoxide) and Type II
(photogeneration of singlet oxygen) processes occurred in the
system. The functionalized fullerenes could kill the mouse
cancer cell lines (J774, LLC and CT 26) under light exposure
and may serve as a novel nanomaterial to substitute the
conventional photosensitizers currently used in clinics [139].

4. Future perspectives

As more knowledge has been gained in disease mechanisms,
for instance, the ever-evolving understanding of the cancer
microenvironment and the new treatments resulting from
discoveries of bioactive molecules and gene therapies,
nowadays the researchers can develop more effective DDS
for cancer management [140—143]. However, the current DDS
exhibited several issues that scientists are still attempting to
address. The improvement in theranostics of malignancies
is of great necessity. For example, many drug potencies
and therapeutic effects are limited or otherwise reduced
because of the partial degradation that occurs before they
reach a desired target in the body; in most cases once
ingested, the release of medications has traditionally been
diffusion-controlled and time-dependent drug release delivers
treatment continuously, rather than providing relief from
symptoms and protection from adverse events. Moreover,
injectable medications could be made less expensively and
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administered more easily if they could simply be dosed
orally. However, such an idea cannot be fulfilled until
methods are developed to effectively direct drugs through
specific organs such as the stomach, where medication can be
destroyed in the low pH acidic environment. The mechanisms
with which to administer drugs are of critical importance
when designing drug carriers. The formulations that control
the rate and period of drug delivery and target specific
areas of the body for treatment have become the well-
accepted trend. While it is required to develop materials
which are resistant to pH fluctuation or proteases degradation
during drug delivery, to administer drugs for treating cancer
patients, the investigation of physiological stimuli-responsive
biocompatible/ biodegradable materials has been a distinctly
new way of thinking about conventional DDS.

It is important to target the affected regions of the
body with specific pharmaceutical compounds; these drugs
can be liberated in a controlled manner over time. It could
be achieved by only using versatile new delivery platforms
that (i) provide specific target recognition on cancer cells,
(ii) substantially enhance the delivery of cytotoxic agents
to cancer cells with each target recognition event and (iii)
selectively guide within compartments of the cells (e.g.
the lysosomes or the nucleus). Evidently, to prepare such
smart multifunctional pharmaceutical nanocarriers, chemical
moieties providing certain required individual properties have
to be simultaneously assembled either on the surface or
within the structure of the same nanoconstructs. The next
generation of theranostic modalities will likely have enhanced
surface characteristics, making them more biocompatible,
water-soluble or colloidal, displaying reduced toxicity
and high differential uptake efficiencies. Moreover, these
individual moieties have to function in a certain coordinated
way to provide a desired combination of the useful properties.
The development of multi-functional nanoscale systems for
combined sensing, imaging and therapy are continuing to be
active subjects of pharmaceutical research.

The non-metallic nanomaterials-based DDS described
here obviously represent little more than the tip of the
iceberg of the current developments in cancer theranostics.
Although the applications of nanotechnology to clinics
appear to have attracted more attention recently, the basic
nanotechnology approaches for medical application could
actually date back several decades. Liposomes were observed
in 1965 by Bangham et al, who investigated their lipid
membrane—enclosed structures [144]. Since then, the field
has progressed dramatically and applications have been
established in several areas, such as drug and gene delivery.
Beside the silica- and carbon-based nanoconstructs reviewed
here, the other common DDS in this non-metallic category
also included the natural or synthetic polymeric nanoparticles
and engineered viral nanoparticles [145], etc. The earliest
DDS, first introduced in the 1970s, was based on polymers
of lactic acid [146]. The first liposome DDS to gain
FDA approval in 1995 was Doxil (DOX liposomes) to
treat the AIDS associated Kaposi’s sarcoma. Abraxane, a
paclitaxel/albumin decorated liposome based drug, is another
drug formulation which was FDA approved in 2005 as
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a second line treatment for breast cancer patients [147].
In addition, poly-lactic-co-glycolic acid (PLGA), an FDA
approved synthetic polymer, has been utilized in the
development of theranostic devices [148, 149], owing to
its biodegradability and biocompatibility. The degradation
process itself involves the breakdown of polymers into small
molecules, such as lactic and glycolic acids. These acids
eventually enter the Kreb’s cycle and become CO, and H,O,
which can be easily expelled by the body. The PEG-modified
pharmaceutical nanocarriers have been the most frequent
platforms for the improvement of in vivo longevity, which
were firstly suggested two decades ago [150, 151] and even
until now the PEG-based derivatives are still ideal protecting
polymers in many studies [59, 119, 152].

Although there have been several successful
breakthroughs in the development of DDS, most have
not widely entered the markets and been implemented in
the clinics due to the problems which intrinsically limit the
manufacture and development of the DDS. The stability,
sterilization issues, low drug entrapment, the production of
a large batch size and the short circulation half-lives are
existing concerns. Chemical instability may be caused by
hydrolysis and oxidation. This happened frequently not only
in lipid molecules but also in natural polymers, such as gelatin
hydrogels. On the other hand, the physical instability may
result in the difficulty of precise size control, drug leakage
and the fusion of vesicles to form irregular aggregates, which
often occurred in liposome-based nanocarriers; the in vivo
performance of the drug formulation can therefore influence
the therapeutic index. In addition, for gene therapy [153],
many clinical trials rely on retroviruses or adenoviruses to
deliver the desired gene. The viral gene delivery system may
be an excellent platform, which has been developed for the
delivery of nucleic acid based therapeutics, such as gene
vectors, anti-sense, aptamers and RNAi; it shows a high
transfection efficiency compared to most of the well-known
DDS, such as liposome- or PEl-based cationic polymeric
nanocarriers [154]. They have been applied in a number of
FDA-approved clinical trials, such as the SCID-X1 trial [155].
However, the severe concerns of viral-based nanocarriers,
including oncogenic effects and immunogenicity, remain
unsolved [156].

As discussed above, functionalized MSNs and
carbon-based nanocarriers have proven to be promising
materials for imaging and drug delivery in cancer theranostics.
In these systems, cargo molecules can either be loaded into
the nanoporous structure or covalently modified on the
surface of these nanocarriers by diverse linkers. In any
case, the controlled diameter, porosity, texture or chemical
composition is coupled with adaptive properties such as the
pH, ionic strength, thermal, light or magnetic-stimulation
for molecular-recognition. Given this functionality, these
nanocarriers can serve as customizable, rather stable, targeted
drug delivery vehicles, capable of carrying large doses of
chemotherapeutic or molecular agents into malignant cells,
while sparing healthy cells. Current investigations, as already
summarized in this review, have proved quite promising, with
results indicating that the drug delivery rate, bio/chemical
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sensing and various stimuli triggering can all be synthetically
and precisely controlled. This is expected to greatly reduce
or even eliminate the undesirable side effects that limit the
efficacy of current cancer therapies.

The Nanomedicine is currently in its early phase of
sharp growth and still a considerable number of years away
from maturity [157]. Despite the rapid advancements in
the field of cancer nanotechnology, there is still a huge
gap to transfer the current bench-made nanocarriers to real
bedside circumstances. The successful clinical translation
of any diagnostic or therapeutic nanocarrier requires an
optimization of the parameters including: a variation in the
composition of the carrier system, drug loading efficiency,
surface hydrophilicity, surface charge, particle size, density of
possible ligands for targeting, etc., resulting in a large number
of potential variables for optimization, which is impractical
to achieve using a low throughput approach. Furthermore,
one of the existing challenges similar to most of the other
existing DDS in the field has been the time-consuming
and laborious synthetic procedures of these nanomaterials,
which questions the repeatability of the process in the
industrial scale. Implementation of high throughput screening
approaches may efficiently solve this problem to screen
multiple characteristics simultaneously with the goal of
identifying formulations with the desired physical and
biochemical properties for each specific application. The
selection of cationic polymeric systems suitable for gene or
RNAI delivery is an example [158] and can serve as a useful
strategy when developing other new silica- or carbon-based
nanocomposites in the future.

To apply either MSNs or carbon-based materials
in nanomedicine, the same consideration of their safety
and cytotoxicity issues as examined in the conventional
DDS is required. Detailed experimental results establishing
their in vitro biocompatibility, biodistribution, degradation
and clearance of these materials in vivo, is of vital
importance [159, 160]. Many features can be included
as potential toxic triggers, such as surface area and
size distribution, chemical composition, surface structure,
solubility, shape and aggregation. The existing silanol
groups in silica nanoparticles enable a variety of chemical
modifications in DDS. However, some studies also reveal the
latent risk of silanol in hemolysis [161, 162]. Carbon-based
materials are the rising stars in cancer theranostics due
to their superior inherent optical properties, making them
readily suitable for several theranostic modalities such
as NIR fluorescence, photoacoustic, photothermal and
photodynamic therapies [95, 163]. In addition, for gene
therapy, carbon-based materials have been reported for their
intrinsic property of high permeability to the cells and
may serve as great alternatives to viral- or PEI-based gene
delivery systems [154, 164], which are often criticized for
their adverse biological responses and the toxicity at high
M,,. Nevertheless, unlike most well-established DDS, the
toxicological evaluations of carbon-based nanomaterials in
current reported studies were actually often performed in a
rather simple cell line model and under a short-term period;
a detailed understanding of the potential metabolic pathways
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will be required. Also, in vivo analysis of these systems
is relatively limited, with almost no detailed clinical trials.
Although these nanomaterials have shown great potential for
biomedical applications, our current understanding of the
toxicological effects in vivo is, again, still very limited [45, 71,
75, 81, 85, 105, 116]. As a result, detailed exploration of the
pharmacological and inherent toxicological properties shall
provide a feasible pathway to reach the final clinical needs.

Based on the knowledge we have acquired, we anticipate
that the data reported so far, regarding the biological effects
of these nanomaterials both in vitro and in vivo, needs
to be improved further to achieve realistic clinical needs.
The chemical versatility of these non-metallic nanomaterials
shall afford these nanocarriers with clinically applicable
properties such as better blood circulation, tumor-specificity,
biodegradability and clearance from the animal/human body.
We foresee their potential in future theranostics.
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