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Abstract

Theranostics is a new promising medical paradigm that syner-
gistically utilizes therapeutic and diagnostic capabilities of agents for
diagnosis, drug delivery or therapy and therapy response recording.
This field is further evolving fast into the nano-theranostic which is
immensely benefitted by multifunctional nanomaterials that can en-
hance not only the imaging quality but also the specific targeting of
disease sites, particularly cancer sites. Nano-theranostic therapies
can be assisted by nano-theranostic agents will help to reduce tox-
icity and reduce the time of both diagnosis and therapy and help to
develop personalized therapies for cancer management.

Most of the published reviews focused on one particular type of
nanotheranostic agents or methodologies for the cancer treatment.
The present review article compiles recent advances and future
growth of the nano-theranostic agents for cancer management. Ad-
ditionally, examples of light-triggered or ultrasound triggered nan-
otheranostic methodologies are also provided in the present review.
Moreover, key limiting factors such as nanoparticle induced toxicity,

particularly, autophagy are discussed.
N J

Introduction

John Funkhouser (PharmaNetics) was first introducing “Thera-
nostic” in 2002 while describing PharmaNetics’s diagnostic tests that
are synergistically connected to the application of specific therapies
[1,2]. This new medical paradigm [1-3] uses single multifunctional
agent for therapy and diagnostics and can be used for personalized
medical treatments that are more specific to individuals needs such as
improved prognosis and reduce dose-related toxicity or side-effects.

One of the first theranostic agent, radioiodine has used in the
1940s to image and treat thyroid cancers [4] and the first molecular
imaging using radioiodine was performed by Dr. Benedict Cassen in
1950 at UCLA [5,6]. Dr. Cassen has used the rectilinear scanner to
image the gland and revealed biologic characteristics of the thyroid
tissues using radioiodine. An example of radioiodine theranostic is
provided in Figure 1 which depicts images of two patients A and B
who were diagnosed with advanced ovarian cancer. The pretreatment
F-18 FDG PET imaging (Figure 1) has successfully visualized multiple
cancerous lesions in the neck and abdominal cavity of both patients.
The images revealed that Patient A has achieved complete remission
after chemotherapy whereas Patient B has progressed to disease status
after the chemotherapy. Nanoparticles (NPs) offer enhanced physi-
co-bio-chem and optoelectronic properties due to high specific sur-
face area, shape and (quantum) size effects and may help to deliver
the concentrated dose of radiation locally to the disease site without
affecting healthy cells [7-12]. Therefore, NPs can be used to achieve
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fast and improved continuous imaging or diagnosis (during the treat-
ment) and site-selective drug delivery individually. Also, NPs can eas-
ily overcome cellular, anatomical, and physiological barriers including
the blood-brain barrier and detect changes at cellular and molecular
levels. The modern therapeutics such as proteins or peptides [13], anti-
bodies [14,15], and water-insoluble drugs [16] need specialized deliv-
ery systems to maximize therapeutic efficacy by achieving precision in
drug targeting, improving drug bioavailability and reducing cytotox-
icity. The same nanotheranostic agents (NTAs) should be able to load
the drug and co-deliver the drug to the specific site for the treatment
and perform continuous imaging of the site during the treatment task
(and not just before and after the treatment) and treat the disease area.
However, both diagnostic and therapy need sufficient accumulation
of NTAs at the specific disease site. Also NTAs should exhibit long
half-lives in blood circulation, broad surface chemical functionality

to adsorb and desorb drug molecules, maximum loading of the drug
per particle, non-toxicity, efficacious biodistribution and clearance,
and avoid innate immunosystem [17]. NPs used as NTAs are summa-
rized in Table 1 [1]. NPs are better than microparticles for intravenous
delivery [18,19]. The high surface to volume ratio of nanoparticles is
helpful to reduce the dose and frequency of administration and in-
crease the patient compliance.

For the cancer treatment, NTAs should exhibit permeabili-
ty-and-retention (EPR) effect in tumor targeting. NTAs need a suit-
able biomarker that can selectively expressed on the cancer cell surface
and its cognate binding vector for maximum loading on the particle
and efficient imaging and/or therapeutic efficacy and have maximum
EPR with long circulation half-lives without recognizing the innate
immunosystem. A typical functionalized nanoparticle theranostic
agent is depicted in Figure 2. As seen from Figure 2, the drugs such as
RNA and DNA are generally attached on the internal or external sur-
faces of a suitable nanocarrier (e.g. Au nanoparticles) through physi-
cal adsorption and/or chemical bonding or biofunctionalization [20].
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Polyethylene glycol (PEG) is also attached with nanocarriers to im-
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Figure 2: Schematic representation of a multifunctional nanocarrier. These innova-
tive NPs comprise of nucleic acids such as RNA and DNA used for gene silencing
approaches and in colorimetric assays, respectively. Aptamers and anticancer drug
molecules are also used for delivery to the target tissue. Carbohydrates may be use-
ful as sensitive colorimetric probes. PEG is used to improve solubility and decrease
immunogenicity. Responsive nanocarriers can also trigger reaction upon external
stimuli through the functionality of valuable tumor markers, peptides, carbohy-
drates, polymers and antibodies that can be used to improve nanocarrier circulation,

After treatment
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Figure 1: Patients A and B were diagnosed with advanced ovarian cancer. Pretreat-
ment F-18 FDG PET imaging successfully visualized multiple cancerous lesions in
the neck and abdominal cavity. However, the imaging was not able to predict the
therapeutic response to the subsequent chemotherapy. Patient A achieved complete
remission after chemotherapy; however, patient B progressed to disease status after
chemotherapy. Source: Biomed. Res. Int. 2016; 2016: 1680464. Copyright © 2016

Byeong-Cheol Ahn.

NTAs

Cancer Management

Bismuth-iron oxide/Dextran Conju-
gate (98 nm)

Dual CT and MRI T2 contrast agents
in an zn vivo murine model

Iron oxide/PEG Conjugate (10 nm)

SPIONS capable of enhancing T1 con-
trast in MRI

Iron oxide (85 nm)

MRI T2 contrast agents for specifically
targeting prostate cancer cells

18F-iron oxide/Dextran Conjugate
(30 nm)

Trimodal imaging contrast agents for
MRI, PET and CT

Iron oxide/Chitosan Conjugate

Chemotherapeutic temozolomide deliv-
ery specifically to glioblastoma brain
cancer cells

Iron oxide

Redox-sensitive gene and siRNA de-
livery to induce apoptosis and inhibit
growth of liver cancer

Iron oxide/Chitosan-PEG-PEI Conju-
gate (40 nm)

Delivery of siRNA to two types of
brain tumor cells

Iron oxide/PEG Conjugate (19 nm)

SPIONs injected intratumorally into
skin cancer xenografts to induce local-
ized hyperthermia using an external
magnetic field to stop tumor growth

Iron oxide/PVA Conjugate (75-200
nm)

To treat breast and cervical cancer
models

Gold-iron oxide/PEG Conjugate (25
nm)

Active targeting of colorectal cancer
cells and subsequent selective photo-
thermal ablation of tumor tissue

Iron oxide/APTE (15 nm)

Simultaneous photodynamic therapy
and dual-mode fluorescence/MR imag-
ing of epithelial cancer cells

Iron oxide/PEG (100 nm)

Photodynamic therapy to treat breast
cancer in a murine model

effectiveness, and selectivity. Multifunctional systems can also carry fluorescent dyes
that are used as reporter molecules tethered to the particle surface and employed as
tracking and/or contrast agents.(Source: Conde J, et al. [207] Revisiting 30 years of
biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedi-
cine. Front Chem. 2:48. Copyright: Frontier in Chemistry.).

The targeted anticancer therapy constructs are formed by con-
necting the ligands to the carriers of chemotherapeutic agent. The re-
sultant construct facilitates the bioconjugation with suitable receptors
of cancer cells which supports the over expression of cancer cell re-
ceptors and the affinity of ligand to receptor [21-23]. The chemother-
apeutic agent is then delivered to the most resistant cancer cells with
internal longtime circulation and achieves the high drug concentra-
tion in situ the tumor without releasing back to the blood circulation.
The ligand immunogenicity is important from the safety and efficacy
point of view [24]. Some examples of the nano-theranostic agents are
discussed as follows.

Iron Oxide Nanotheranostic Agents

Crystalline magnetite or hematite based Iron Oxide Nanoparti-
cles (IONPs) exhibit saturation magnetization values at room tem-
perature. Moreover, IONPs smaller than 20 nm provide super para-
magnetic properties. The thermal energy is enough to overcome the
anisotropy energy of each magnetic nanoparticle that can lead to
random fluctuation of the magnetizations and result in zero net co-
ercivity. The superior magnetic properties, inherent biocompatibility
and inexpensiveness, can make IONPs as contrast agents for Magnetic
Resonance Imaging (MRI). High magnetic moments of IONPs can
result in the reduction of T2 relaxation time and attenuation a sig-
nal on a T2 or T2* weighted map. This signal alteration can be used
to target specificity to report abnormal biological activity. During

synthesis IONPS additives or ligands such as hydrophilic polymers
) and dendrimers are used to modify the nanocrystal surface to avoid

Table 1: Nanotheranostic agents for cancer management.
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particle aggregation. Sawant et al. [10] has demonstrated the use of
nanosize Tc** Fe,O, for the lung imaging by lung photoscientigraphy.
Figure 3 depicts a typical lung image of a healthy volunteer obtained
using nanosize Tc™ Fe,O,. The nanosize Tc** Fe,O, can be used to
image and treat lung tumors after appropriate modifications. Kohler
et al. [25,26] have coupled an anti-cancer drug methotrexate (MTX)
onto an aminated IONP surface to form MTX-IONPs which are inter-
nalized into cells and accumulated in lysosomes where the MTX are
released due to the low pH and the presence of proteases. Thus, MTX-
IONPs can be used as nano-theranostic agents for MRI and drug de-
livery to treat cancers. Hwu et al. [27] have coupled paclitaxel (PTX)
to IONP surfaces using a phosphodiester at the (C-2")-OH position
and achieved to couple around 83 PTX molecules per nanoparticle.
The effective release of PTX from PTX-IONPs is achieved upon ex-
posure to phosphodiesterase. Huh et al. [28] and Lee et al. [29] have
developed meso-2,3-dimercaptosuccinic acid (DMSA) derivative of
IONPs, and coupled herceptin antibody molecules onto the surface
of resultant DMSA-IONP surface through the covalent bond using
succinimidyl-4-[N-maleimidomethyl]cyclohexane-1-carboxylate
(SMCC), a heterobifunctional protein crosslinker. Herceptin was
used as nanotheranostic agent (NTA) for both specific targeting for
imaging using the magnetic resonance method and treating cancer.
Instead of covalent coupling, both drug molecules and IONPs can be
co-capsulated into polymeric matrices. Jain et al. have encapsulated
doxorubicin (DOX) and PTX, along with oleic acid coated IONPs in
pluronic-stabilized nanoparticles [30]. Yu et al. also loaded DOX into
which are IONPs coated an anti-biofouling polymer [31]. These DOX
loaded IONP nanoconjugates have exhibited better pharmacokinetics
and therapeutic effects than DOX alone in a Lewis lung carcinoma
xenograft model due to the anti-biofouling feature of the particles.
To differentiate the antiproliferative effect of drugs (PTX, DOX and
their combination) in solution and loaded in magnetic NPs (MNPs),
MCEF-7 cells are treated with the drug solution and drug-MNPs and
cell viability is measured using an MTS assay on fifth day. Small ac-
tive molecules or drugs (low molecular weight) can also be loaded
into porous nanostructures through physical absorption. Hollow
IONPs are created by first forming spindle-shaped p-FeOOH NPs us-
ing the hydrolysis of FeCl, followed by three step “wrap-bake-peel”
treatment. DOX is then loaded into such hollow nanoparticles via
simple physical absorption and released from the hollow MNPs in a
sustained manner under physiologic conditions [32-34]. Cheng et al.
[35] have developed porous IONPs with a nano-size cavity (~2-4 nm)
using controlled oxidation and acid etching of Fe particles and en-
capsulated cisplatin through diffusion into IONPs’s nanocavities and
subsequently coupled herceptin onto the particle surfaces to confer
targeting specificity. The resulting nanoconjugates have exhibited se-
lective affinity to ErbB2/Neu-positive breast cancer cells with IC(50)
reaching 2.9 muM which is much lower than 6.8 muM needed for free
cisplatin. A sustained cytotoxicity towards cancer cells can be attribut-
ed to the controlled release of cisplatin from the porous IONPs. Thus,
the low pH-responsive Fe,O,NTAs can be used as a potential cisplatin
delivery vehicle for target-specific therapeutic applications. There are
several other examples of nano-theranistics used to treat cancer [36].
Seven patients with metastatic breast cancer were infused with epi-
rubicin-loaded IONPs (100 nm in diameter, at 0.5% of the estimated
blood volume), and after that a magnetic field was established around
the tumor. The magnetic field proved successful in directing the ferro-
fluid to the tumor to induce tumor regression.

Namiki et al. [37] have screened cationic lipid coated IONPs,
and developed LipoMag using lipids and found to be better than
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Figure 3: Photo scintigraphic images of anterior and posterior of human lung.

commercially available PolyMag in both transfection and gene knock-
down. These authors [37] have also loaded modified siRNA with
IONPs and evaluated its therapeutic potency in two gastric cancer
models and found a 50% reduction in tumor volume after a 28-day
treatment, in addition to the inhibition of angiogenesis and the induc-
tion of apoptosis. The gene knockdown was found to be significant
only in the presence of magnetic fields at the tumor sites. Also, IONPs
were used as a nanotheranostic agent in hyperthermia because IONPs
can act as antennae in an external alternating magnetic field (AMF) to
convert electromagnetic energy into heat. When phospholipid coated
IONPs were injected into a subcutaneous tumor model in F344 rats,
and were exposed to an AME these IONPs have found to raise the
temperature of tumor above 43°C to cause tumor regression. However,
tumor regression was not found in the control group treated without
IONPs. Additionally, Fab fragment of anti-human MN antigen-specif-
ic antibody was chemically anchored onto IONP surfaces and resul-
tant IONPs were administrated systemically into tumor-bearing mice.
Resultant IONPs exhibited high tumor uptake presumably due to an
antibody-antigen interaction, and induced efficient tumor hyperther-
mia upon AMF exposure [7].

Quantum Dot Nanotheranostic Agents

Quantum dots (QDs) are semiconductor light-emitting nano-
crystals which exhibit unique size-dependent properties such as
photo-stability and chemical stability and have a narrow emission
spectrum [9]. QDs of CdSe, CdTe and PbS, can emit light in visible
spectrum depending on their sizes but the QD based therapy is not
efficient in in vivo applications due to the limited tissue penetration
of visible light. Therefore, QDs with near-infrared emission have been
developed using CdTe/CdSe, Cd,P,, in As/ZnSe and In As/InP/ZnSe.
Also inorganic coatings using ZnS on the QDs surface as found to
be useful in enhancing the photoluminscent quantum efficiencies of
the resultant QD particles. Also sulphur of the ZnS layer is use as a
species-mounting site. Moreover, ZnS coatings have also helped to
improve the biofate of QDs. Also cysteine modified QDs are water sol-
uble and exhibit hydrodynamic diameter less than 5.5 nm which can
rapidly excreted via renal clearance without trapping in reticuloen-
dothelial system (RES) organs such as the liver and spleen. Moreover,
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amphiphilic compounds, such as phospholipids, amphiphilic saccha-
rides, acrylic acid polymers and others can be used to improve the
efficiency of theranostic QDs. Smith et al. [38] have modify QDs and
conjugated onto them a prostate-specific membrane antigen (PSMA)
targeting antibody using a triblock copolymer consist of chains of
polybutylacrylate, polyethylacrylate and polymethacrylic acid and
a hydrophobic hydrocarbon side chain for prostate cancer studies.
When these QD-nanoconjugates were administrated into prostate
cancer bearing mice, these nano-conjugates were found to be accu-
mulated in the tumor area only due to both the EPR effect and specific
antibody-antigen interactions. Similarly, Nurunnabi et al. [39] have
synthesized water soluble QDs-herceptin-PEG-10,12-pentacosadiy-
noic acid (PEG-PCDA), and stabilized by cross linking the coating
shell UV irradiation and demonstrated an efficient tumor targeting
rate and therapeutic effects on an MDA-MB-231 tumor model. On the
other hand, Bagalkot et al. [40] have developed a QD-aptamer-DOX
conjugate (QD-Apt-Dox) to achieve simultaneous cancer imaging,
therapy and therapy monitoring. The fluorescence activities from
QD and DOX were found to be attenuated by their interaction with
DOX and RNA, respectively, and are both QD and Dox were found
to be in the quenched state in the QD-Apt-Dox nanosystem. When
these nano-theranostic QDs were delivered into targeted tumor cells,
DOX was gradually released from the nanosystem, and triggered both
the therapeutic functions and QD fluorescence. Yuan et al. [41] have
used reversible physical adsorption to load MTX onto QD surfaces
and induced photoluminescence quenching of QDs. The physical ad-
sorption of MTX was reversed when exposed to higher affinity species
such as DNA and an exchange of the MTX coating by DNA led to a
restoration of the QD photoluminescence. This facile reversible ligand
exchange process can be used to monitor the delivery of drug mole-
cules to cancer site.

QDs can be used as either photosensitizers or carriers in photo-
dynamic therapy (PDT) to treat cancer because as a photosensitizer,
QDs can be activated by light and transfer the triplet state energy to
nearby oxygen molecules to cause cell damage through the generation
of reactive oxygen intermediates (ROIs) [42,43]. Photo activated ROIs
impart damage to purine and pyrimidine bases. However, the quan-
tum yield of QD-generated singlet oxygen is less than 5%, which is
much lower than that of classic photosensitizers (40-60%).

Gold Nanotheranostic Agents

Gold nanoparticles (Au NPs) exhibit unique size and morpholo-
gy dependent properties such as strong surface plasmon absorption,
stability, biosafety and ease of modification and therefore are used to
build functional agents for both imaging and therapy applications.
Spherical Au NPs of 10 nm size exhibit characteristic surface plas-
monic absorption at ~520 nm which can be red-shifted to maximum
of 575 nm by increasing the Au particle size. Additionally, the absorp-
tion can be shifted to the near infrared (NIR) region (650-900 nm) by
changing morphology of NPs from spherical to rod shape. Because
of the size and morphology dependent optoelectronic properties, Au
NPs have been used for PDT and imaging purposes in computed to-
mography (CT), photoacoustics and surface-enhanced Raman spec-
troscopy (SERS).

In the PDT based cancer treatment, Au NPs are first directed
towards the tumor sites and accumulated, followed by the exposure
of laser irradiation to convert light into heat to kill cancerous cells

specifically without damaging normal tissue damage. Thus, Au NPs
based PDT treatment is safer than the conventional laser irradiation
treatment. However, the characteristic absorption at 500-600 nm of
spherical Au NPs is not appropriate for the PDT therefore; the mor-
phology of Au NPs needs to be changed to a nanorod, nanocage or
nanoshell from spherical shape to shift the absorption to the NIR re-
gion.

Cheng et al. [44] have adsorbed a PDT agent, Pc4, onto PEGylat-
ed Au NPs and used it as a drug carrierin addition to PDT function.
Authors [44] have demonstrated the fast release of Pc4 delivery (less
than 2 hours) as compared to that of free drug (2 days). Similarly,
Prabaharan et al. [45] have developed an amphiphilic block-copoly-
mer coated Au NPs based system for tumor targeting and drug de-
livery. This copolymer-Au system consisted of an Au NP core, a hy-
drophobic poly-aspartic acid (PAsp) inner shell and a hydrophilic,
folate-conjugated PEG outer shell (PEG-OH/FA) which can load up
tol7 wt% DOX through covalent conjugation onto the hydrophobic
inner shell. This nanosystem possesses both a tumor targeting mech-
anism (folate on the outer layer) and an intracellular drug release
mechanism through hydrazone linkage of DOX on the inner layer.
Moreover, PEG coated Au nanocages [46,47] were accumulated in a
U87MG xenograft model which helped to increase the tumor surface
temperature to 54°C within 2 min upon exposure to NIR light (light
triggered nanotheranostics). Lu et al. [48] have coupled used a-me-
lanocyte-stimulating hormone (MSH) analog, [Nle*, D-Phe’] a-MSH
(NDP-MSH) onto Au nanoshells and the resultant nanoconjugates
are administered to a B16/F10 melanoma model. Authors [48] have
found that the resultant nanoconjugates have accumulated in tumor
in large quantities due to NDP-MSH. B16/F10 melanoma found in
the tumor was efficiently ablated upon exposure to laser illumination
only and the contralateral tumor was not ablated if it was not expose
to the laser illumination. This PDT success was validated by histologi-
cal and PET studies. Additionally, [**F] fluorodeoxyglucose (**F-FDG)
PET has found a remarkable decrease in the tumor up take indicating
a drop in a metabolic activity. Lu et al. [49] have also demonstrated
the use of Au nanoshells as light-controllable siRNA carriers for che-
motherapy. The specific tumor targeting specificity was achieved by
coupling Au nanoshells with folic acid and siRNA with a sequence
that targets NF-«xB P65 (a protein complex that controls transcription
of DNA, cytokine production and cell survival) to the nanoparticle
surface via thiol-Au interaction. A stable thiol-Au covalent bond helps
to carry the siRNA payload even after cell uptake which was destroyed
upon the exposure of NIR light irradiation. The NIR light irradiation
damages the endolysosomal membrane and releases siRNA from the
Au nanoshell surface into cytoplasms which was confirmed by the
observation of light-inducible siRNA release and subsequent NF-kB
P65 down regulation both in vitro and in vivo experiments. Addition-
ally, the down regulation of NF-kB P65 was resulted in an increased
sensitivity to the chemotherapy which is evidenced by an improved
therapeutic index when PDT was combined with irinotecan treatment
(particularly for treating colon cancer). This is also good example of
light triggered nanotheranostics.

Carbon Nanotube Nanotheranostics

Carbon nanotubes (CNTs) exhibit a graphite-like structure which
is inert and inhibitive to most of conjugation chemistry but have po-
tential applications in Raman and photoacoustic imaging and drug
delivery [50,51]. The strong optical absorbance of single-walled
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carbon nanotubes (SWNTs) is an intrinsic property of SWNTs which
can be used for optical stimulation of nanotubes inside living cells
to afford multifunctional nanotube biological transporters [52,53].
CNTs have found to be internalized by cells and effectively cross bio-
logical barriers therefore CNTs can be used as nano-vectors for ther-
apeutic agent delivery. The internalization of CNTs by cells can occur
via different routes such as endocytosis and passive diffusion depend-
ing upon surface coatings. The solubility and bio-functions of CNTs
can be improved by modifying CNT’s surface with organic molecules
and use in the delivery of drugs, antigens and genes [54]. Additional-
ly, a high degree of CNT functionalization (f~CNTs) can reduce toxic
effects [55]. Water-soluble f~CNTs and CNTs can be further coated
with proteins [52], polymers [56] or single-stranded DNA [57] to
improve their interactions with mammalian cells, leading to their cy-
toplasmic translocation [58,59] whereas ammonium-functionalized
cationic nanotubes can condense and deliver plasmid DNA (pDNA)
intracellularly, leading to enhanced marker gene expression [59,60].
The strong optical absorbance of CNTs in the NIR region makes CNTs
as a potential nano-theranostic agent in cancer PDT. Upon exposure
to NIR light, internalized CNTs in cells are capable of triggering en-
dosomal rupture and cell death [61]. Samori et al. [62] have coupled
MTX onto 1,3-dipolar cycloaddition functionalized CNTs and inter-
nalized into human cells including breast cancer cells. Authors [62]
have found that the cytotoxic activity of the resultant CNT-MTX con-
struct was strongly dependent on the presence and type of linker [63].
Additionally, phospholipid-CNT nanoconjugates have been used for
both imaging and therapy. siRNA was coupled to phospholipid-CNT
nanoconjugates using a disulfide bond and the resultant CNT trans-
porter exhibited high transfection efficiency while outperforming li-
pofectamine in inducing RNAI. Selective cancer cell destruction was
achieved without harming receptor-free normal cells by folate func-
tionalized SWNT followed by the selective internalization of SWNTs
inside cells labelled with folate receptor tumor markers, and subse-
quent exposure to NIR. PEGylated CNTs can improve the pharma-
cokinetics and therapeutic effects because PEGylation brings an ex-
tra stability to CNTs. The PEGylated CNTs was coupled with either
Pt (IV) prodrug or PTX onto PTX through a cleavable ester bond
and the resultant construct was tested in a murine 4T1 breast can-
cer model. The PTX-Pegylated-CNT nanoconjugates have exhibited a
10-fold increase in tumor homing than PTX alone and prolonged the
circulation half-life of the PTX-Pegylated-CNT nanoconjugates. The
PTX-Pegylated-CNT nanoconjugates have demonstrated better tu-
mor suppression outcome than clinically used taxol [64]. Additionally,
Moon et al. have demonstrated the use of PEGylated SWNT and NIR
irradiation to eradicate tumors in a human epidermoid mouth carci-
noma model with no further tumor recurrence over six months [61].
Also, Ghosh et al. have encapsulated CNT using DNA to improve the
heat emission efficacy and induce complete tumor eradication after
the internalization of nano-conjugates in a PC3 xenograft model in-
tratumorally and subsequent NIR irradiation [65].

Silica nanoparticles as nanotheranostic
agents

Silica is generally considered as a safe and is used in surgical im-
plants. Silica nanoparticles themselves do not have characteristic op-
toelectronic properties for imaging but can help facile loading of a
broad range of imaging and therapeutic functions. It is easy to create
multi-functional surface of silica nanoparticles and encapsulate small
molecules, IONPs and QDs. Alternatively, these nanoparticles can also

be easily incorporated into silica matrices to combine both magnetic
and optical properties [66,67]. Roy et al. [68] have used the micelliza-
tion method to trap water-insoluble photosensitizing anticancer drug
2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide on ~30nm organi-
cally modified silica NPs. The resulting drug-doped NPs are spherical,
highly monodispersed, and stable in aqueous system. The entrapped
drug is found to be more fluorescent in an aqueous medium than the
free drug, permitting use of fluorescence bioimaging studies. Upon
irradiation, the photosensitizing drug entrapped in nanoparticles has
efficiently generated singlet oxygen. In vitro studies have demonstrat-
ed the uptake of drug-doped silica NPs into the cytosol of tumor cells
and significant damage to impregnated tumor cells after the light irra-
diation at 650 nm. Thus silica NTAs can be used for imaging and PDT
functions [68].

Mesoporous silica nanostructures (MSNs) consist of hundreds of
empty nano/micro channels or molecular-sieve structures and exhibit
a large surface area (>900 m*/g), MSNs can be used to encapsulate
small molecules via simple physical interactions and control the drug
delivery properties. The mesopores can be capped or sealed using
Au NPs after the loading of anticancer drugs (e.g. PTX) to inhibit
the premature drug release. Au NP capping is photolabile and can be
uncapped upon photo-irradiation to release guest drug molecules.
Similar seals or caps based on QDs, IONPs, coumarin and diethylen-
etriamine can be also used. Park et al. [69] have developed biodegrad-
able luminescent porous silicon nanoparticles (LPS iNPs) and loaded
with DOX. These silica nanotheranostic particles can self-destruct in
vivo and be renally cleared within a relatively short time which helps
to reduce the toxicity risk to normal organs. Further authors [69] used
these nanotheranostic nanoparticles for tumor imaging and slow re-
lease of DOX upon degradation of nanoparticles.

Liposome Nanotheranostics

Liposomes are spherical vesicles composed of a lipid bilayer of
either synthetic or natural phospholipids with diameters ~100 nm and
can encapsulate both therapeutic and diagnostic agents, protect the
encapsulated agents from external environments, prolong systemic
circulation lifetime of the encapsulated agents. Liposomes are wide-
ly used as drug delivery vehicles for cancer therapy [70,71] and can
be functionalized with various targeting ligands to achieve cell- or
tissue-specific delivery [72]. Additionally, liposomes are used to en-
capsulate a variety of contrast agents such as superparamagnetic iron
oxide NPs (SPIOs) [73,74], gadolinium-based, and manganese-based
compounds [73,75,76] for MRI applications to enhance the contrast
in T2-weighted MRI for better in vivo visualization. Iron oxide par-
ticles are encapsulated into a cholesterol/DOPE/DSPC liposome to
form multifunctional nanotheranostic agents [77]. Soundararajan et
al. have encapsulating 186Re and DOX into liposome interior to de-
velop radiolabeled liposomes for cancer chemoradionuclide therapy
[78] and tested in male nude rats bearing xenografts of head and neck
squamous cell carcinoma. These radiolabeled liposomes have demon-
strated a prolonged circulation time with minimum liver accumula-
tion. Moreover, these radiolabeled liposomes are combined with che-
motherapeutic drugs to demonstrate real-time imaging and increases
efficacy conferred by chemoradionuclide therapy [78].

Polymer-Based Nanotheranostics

Polymeric NPs have been used for drug delivery applications [79]
with their core were loaded with a variety of therapeutic or imaging
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agents. Polymer NPs have helped the sustained and controlled release
of these agents through various mechanisms such as surface or bulk
erosion, diffusion through the polymer matrix, swelling followed by
diffusion or stimulation by the local environment results [79]. Addi-
tionally, polymeric NPs have been used as effective carriers for MRI
contrast agents such as SPIOs and Gd-based compounds [72,80,81].
The mixture of SPIOs and DOX is encapsulated by using an amphi-
philic block co-polymer, maleimide-PEG-poly(lactic acid) (PLA),
which self-assembles to form polymeric NPs and used as NTAs for
both drug delivery and MRI [80,81]. Surface-presenting maleimide
groups help the conjugation of either cRGD molecules to target av3
integrins [80] or short peptides containing 10 amino acids to target
avp6 integrins [81]. The resultant NTAs are used for the evaluation
of pharmacokinetics by real-time MRI in tumor-bearing mice. Addi-
tionally, targeted NTAs have demonstrated a higher tumor accumu-
lation due to the integrin-mediated endocytosis leading to enhanced
tumor retardation as compared to the non-targeted NPs. The strategy
of encapsulating SPIO-DOX mixture to develop NTAs is applicable to
many existing polymeric NP systems [82]. Radionuclide compounds
such as ''C, '°F, #Cu, *Br, *™Tc, '"'In and Y, have been used for ra-
dionuclide imaging are combined with a wide range of copolymers
such as N-(2-hydroxypropyl)methacrylamide (HPMA) to develop ro-
bust nano-sized delivery systems also [83]. Such NTAs can be used as
image-guided drug delivery systems to monitor drug pharmacokinet-
ics, intratumoral drug distribution, and drug tumor accumulation in
real-time [84]. Peng et al. [85] have developed multifunctional poly-
meric NTAs of PEG-polycaprolactone (PCL) di-block co-polymer
with a NIR florescent dye (IR-780) for both NIR imaging and PDT
followed by labelling with 188Re and used for micro SPECT-guided
tumor imaging. A preferential tumor accumulation of these NTAs is
observed in BALB/c athymic nude mice bearing HCT-116 colorectal
carcinoma followed by enhanced tumor inhibition by NIR irradiation
as compared with control groups without NTAs (control groups are
treated with PBS, NIR irradiation only, or micelles only). Recently,
Zhang et al. [86] have described the use of a biopolymer (hyaluron-
ic acid) NPs for optical/photoacoustic image-guided photothermal
therapy which can potentially be used as NTAs. Cheng et al. have
developed multifunctional PEGylated Prussian Blue nanocubes (PB
NCs) for simultaneous cancer imaging and photothermal therapy
[87]. These PB-NC:s are clinically approved NTAs and exhibit strong
NIR absorbance and intrinsic paramagnetic properties that are useful
for in vivo bimodal imaging-guided photothermal therapy. Polyeth-
ylene glycol (PEG) coated PB-NCs (PB-PEG-NCs) are highly stable
in various physiological solutions. In vivo T1-weighted magnetic res-
onance and photoacoustic tomography bimodal imaging showed that
PB-PEG-NCs have high uptake in the tumor after the intravenous ad-
ministration in a mouse tumor model. After the uptake of PB-PEG
NCs into tumor, in vivo cancer treatment is then conducted using NIR
laser irradiation of the tumors to achieve excellent therapeutic efficacy
without any apparent toxicity. Recently, Kang et al. [88] have used the
ability of hydrogen peroxide (H,0,) to overproduce reactive oxygen
species (ROS) and induce oxidative stress, inflammation and cellular
damages during ischemia/reperfusion (I/R) injury. This phenomena
is used to develop H,O, triggered CO, generating antioxidant poly
(vanillin oxalate) (PVO) NTAs for simultaneous ultrasound imag-
ing and therapeutic effects for the hepatic I/R treatment. PVO NPs
generate CO, through H,0, triggered oxidation of peroxalate esters
and release vanillin, which exerts antioxidant and anti-inflammato-
ry activities. Intravenously administrated PVO NPs have found to
enhance the ultrasound signal in the site of hepatic I/R injury and

effectively suppressed the liver damages by inhibiting inflammation
and apoptosis [88]. Tumor-homing echogenic glycol chitosan based
nanoparticles (Echo-CNPs) are constructed to concurrently execute
cancer-targeted ultrasound imaging and ultrasound triggered drug
delivery [89]. Echo-CNPs produced by simultaneously encapsulating
an anticancer drug and bio-inert perfluoropentane (PFP), an ultra-
sound gas precursor into glycol chitosan NPs using the oil in wa-
ter (O/W) emulsion method [89]. The resulting nanosize (432 nm)
Echo-CNPs are composed of hydrophobic anticancer drug/PFP inner
cores and a hydrophilic glycol chitosan polymer outer shell. The re-
sultant Echo-CNPs have showed the prolonged echogenicity via the
sustained microbubble formation process of liquid-phase PFP at the
body temperature and exhibited an ultrasound triggered drug release
profile. Echo-CNPs have further exhibited a significant increase of tu-
mor-homing ability with lower non-specific uptake by other tissues in
tumor-bearing mice through the nanoparticle’s EPR effect [89].

Future Challenges and Opportunities

Despite technological development of NTAs, there are many un-
solved issues that need to be address in the future. Some of the chal-
lenges are provided as follows.

Toxicity and Safety: The toxicity of QDs, CNTs and metal particles
will be a prime concern for both regulatory agencies and patients.
Autophagy plays a key role in cancer and neurodegeneration and
nanoparticles may induce it [90,91]. Professor Yoshinori Ohsumid-
iscovered and elucidated mechanisms underlying autophagy, a fun-
damental process for degrading and recycling cellular components
and has won the 2016 Nobel Prize in Physiology or Medicine [92].
Recently Mao et al. have showed that interference of Ag NPs with
ubiquitination may account for Ag NPs induced defective autopha-
gy and cytotoxic effects [93]. TiO, NPs can accumulate in the brain
and induce brain dysfunction and may cause neurotoxicity through
oxidative stress, apoptosis, inflammatory response, genotoxicity, dis-
rupted signaling pathways, dysregulated neurotransmitters, synaptic
plasticity and direct impairment of cell components [94]. Similarly,
Huang et al. [95] have demonstrated that the cytotoxicity of aggregat-
ed gold nanoparticles is significantly higher than well-dispersed ones
and attributed the dispersity-dependent cytotoxicity to the increase
of cellular endocytosis and reactive oxygen species. Autophagy may
be used to kill cancer selectively but more research is needed to un-
derstand autophagy mechanisms using NTAs. Further studies are also
needed to address this important issue before commercializing NTAs.

Biodegradability and Biofate: Non-biodegradable nature of CNTs
and silica nanoparticles may pose some serious issues to use as NTAs.
More studies are needed to prove non-toxicity or safety of that these
NTAs in addition to their efficacy.

Site Specific Drug Delivery: Researchers are always inspired to de-
velop site specific and controlled release drug delivery systems. The
initial burst release followed by the sustain release of drugs will be a
desired outcome to reduce site-specific toxicity and treatment cost,
and improve patient compliance.

Clinical standards: To get the regulatory approvals, gold standards or
controls are required to validate the functional integration of imaging
and therapeutic synergy in NTAs at nanoscale.

Cost of Development and Treatment: The production cost of NTAs
is generally high. However, economies of scale, new production
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methods and more consumer demand along with government sup-
port may help to solve this issue.

Conclusions

Nano-theranostics is a new promising medical paradigm that
synergistically utilizes therapeutic and diagnostic capabilities of mul-
tifunctional nanoparticles for diagnosis, site specific drug delivery or
therapy and recording of therapy response. Additionally, nano-thera-
nostic agents will help to reduce toxicity, improve patient compliance
and reduce time of both diagnosis and therapy and can be used to
develop personalized therapies.

The present review focused on the use of different types of NTAs
for the cancer treatment. Despite excellent progress so far, there are
many key challenges such as nanoparticle induce toxicity and autoph-
agy remained to be solved. In future, it is safe to assume that we will
be efficacious, cost-effective and safer nano-theranostic agents for the
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