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Since decades, conventional diagnosis and treatment strategies for cancer have been practiced widely
despite their expensive and time-consuming process. These conventional contrast and therapeutic
agents suffer from various side-effects such as low radiodensity and image resolution, rapid clearance,
non-specific biodistribution, poor tumor accumulation, high-dose and multiple-dose requirements,
nephrotoxicity, uncontrolled exposure of high electromagnetic radiations, whole-body scans, and so on.
Therefore, nanosized imaging and therapeutic probes have been proposed recently owing to their
promising efficacy and negligible side-effects. However, these nanoplatforms are struggling deeply to
find their clinical translational relevance. Integrating targeting ligands with diagnostic and therapeutic
agents within a single system at the nanoscale resulted in localized nanotheranostics. Furthermore, the
conceptualized nanotheranostics has been recognized as a clinical ‘weapon’ for localized cancer nano-
medicine. In this review, we have covered a wide spectrum of recent developments in cancer nano-
theranostics. Numerous examples of functional nanohybrids and clinical relevant materials with their
multimode imaging and therapeutics have been addressed here. On the other hand, the importance of
combination therapies, imaging-guided tumor regression, deep tissue visualization, localized diagnosis
and tumor ablation, manipulation of the tumor microenvironment, and so on have been discussed here.
Overall, localized and stimuli responsive nanosized multifunctional platforms have proved their supe-
riority over conventional diagnosis and therapies.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past decades, the cost of diagnostics and therapeutics
has been rising impulsively throughout the world [1-5]. Even
today, conventional diagnostics and treatment strategies, which are
being practiced commonly, have gained much attention [1,5]. These
conventional options include the combination or stand-alone ap-
proaches of radiation therapy, chemotherapy, and surgery [6—17].
However, high doses and high power of electromagnetic radiations
come with numerous side-effects and remain as major concerns of
these approaches [1,14—16]. Conventional diagnostics depend on
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the administration of large volumes of contrast media, into the
patient’s body for evaluating tumor location and volume [11-21].
Nevertheless, non-specific biodistribution, poor accumulation in
the tumor area, poor image resolution, rapid excretion, high and
multiple doses, and nephrotoxicity are critical issues of these
contrast agents [22—25]. Importantly, a correlation between
intense reduction in disease related deaths and regular rise in costs
has been widely noticed. Thus, developing safe and cost-effective
imaging and therapeutic agents has become a priority to overcome
the aforementioned limitations [1]. Notably, a gradual shift from
the traditional approach to personalized and targeted medicine has
been observed in recent years [26—36]. In addition, understanding
and manipulating the tumor microenvironment are another
interesting area of biomedical research [26]. Subsequently, the
rapid growth of new blood vessels in the tumor area, known as
angiogenesis, increases the proliferation of endothelial cells with
abnormality [37—40]. Heterogeneity with dense vascularization in
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tumor areas is a significant mark that helps in supplying oxygen
and nutrients for rapid growth of the tumor [41—43]. In contrast, a
heterogeneous solid tumor has a highly acidic environment, with
glutathione, peroxides, and so on, compared with normal tissues
[43—48]. Therefore, it is important to understand the tumor
microenvironment to design safe contrast and therapeutic agents
[49—55]. So far, various technologies have been commonly prac-
ticed in hospitals today. Among them, nanobiological technologies
have potential impact and have gained much attention for safe and
cost-effective diagnosis and treatments over the existing one
[56—61]. Moreover, localized treatment strategies demonstrate
promising advantages such as site-selective or site-specific binding
ability of the injected substance at the desired area without
affecting the surrounding healthy tissues owing to the miniature
size of the injected probes (imaging and therapeutic agents). For
example, the uptake of hybrid materials/nanoparticles into the
tumor environment through enhanced permeability and retention
(EPR) effect is a well-documented concept [62—64]. In addition, it
has also been studied that mature vascularization enhances the
uptake/delivery of nanoparticles into the tumor environment
compared with prevascularized regions of the tumor [65—67].
But localized distribution and enhanced accumulation of the
injected nanosized hybrids in the tumor microenvironment is still
being questioned and is an ongoing discussion in cancer nano-
medicine [68,69]. To resolve these obstacles, various strategies have
been proposed for imaging-guided treatment, followed by single-
dose and minimum dose administration of diagnostics and thera-
peutics [60,70—75]. Furthermore, integrating targeting ligands
(bind to the receptors present on cancer cells) with diagnostic and
therapeutic agents within a single system at the nanoscale, known
as localized nanotheranostics, is a recent concept in cancer medi-
cine. Thus, proposing the integrated theranostics platform has
significant impact on cancer nanomedicine with reduced toxicity,
other side-effects, time-consuming procedures, and overall cost
[56,76—80]. In recent years, various conjugated systems such as
bioorganic, bioinorganic, functional inorganic and organic, biolog-
ical nanoparticles, and so on have been developed and applied for
localized nanomedicine due to their better contrasting and
therapeutic ability [81—90]. Moreover, these systems have better
multimode contrasting ability (emissive nature and radiodensity)
for deep tissue visualization, a large surface area to load
therapeutic molecules, easy surface functionalization, high
biocompatibility, smooth and easy circulation, specific bio-
distribution, high tumor-binding ability, and so on [91—94]. Our
review focuses on the recent developments in diagnostic and
therapeutic agents and their modalities. In addition, we also have
covered the novel concept and advantages of nanosized thera-
nostics demonstrating enhanced contrast imaging of the localized
area.

2. Nanomedicine and nanotheranostics

Few decades ago, surface-engineered nanosized (1- to 100-nm)
materials have been proposed for biomedical and sensing appli-
cations owing to their specific physicochemical properties at the
nanoscale level [1]. Furthermore, nanosized platforms have proved
their potential impact for various reasons such as (1) better
accumulation and binding on specific sites owing to small di-
mensions, (2) tunable physicochemical properties (morphology,
size, shape, stability, and surface charge), (3) high surface area and
volume for large drug payload and their controlled delivery, (4)
easy surface functionalization with targeting ligands and bio-
molecules, and (5) multifunctionality and modality for imaging and
therapeutics. Thus, a nanosized platform is always advantageous
for biomedical purposes owing to its ability to carry large payload

than a small molecule (a conventional platform), while retaining its
smooth circulation through the bloodstream. Moreover, these
nanomaterials have been classified into three major classes such as
metallic, non-metallic, and biological, showing their versatile
medical properties for better health care called nanomedicine.
These nanosized materials ‘nanomedicines’ are playing major roles
in cost-effective diagnostics and therapeutics. Indeed, these nano-
materials are capable enough to demonstrate their easy uptake and
homogeneous distribution in the heterogeneous tumor microen-
vironment owing to their tiny size. However, these nanomedicines
are limited with various disadvantages such as (1) easy aggregation,
(2) sometimes too large in size to enter into tumor and too small for
easy uptake into cells, (3) non-specific distribution, (4) long-term
retention in the body that may cause side-effects, (5) poor image
resolution due to low accumulation in desired tissues/tumor, (6)
slow degradation, (7) time-consuming procedures for diagnosis
and treatments, and (8) high concentration requirement. Therefore,
surface engineering and integration of diagnostic and therapeutic
agents in a single platform at the nanoscale level, ‘known as
nanotheranostics,” have been realized as a necessary need to
overcome the aforementioned concerns.

On the other hand, an ideal vision of next-generation medicine
depends on theranostics representation and its operation in the
future. Overall, nanoengineered theranostics has major advantages
for site-specific imaging and treatment in short time with mini-
mum dose requirement. But maintaining the effectiveness and ef-
ficiency of imaging and therapeutic probes during nanoengineering
of theranostics has been another critical challenge so far. Scheme 1
demonstrates the integration of targeting ligand, imaging and
therapeutic probes within one platform, which was also explained
in 2002 by John Funkhouser, the president of PharmaNetics. The
theranostic medicines can reduce the overall expense, prolonged
diagnosis and treatment procedures, side-effects, and so on.
Recently, nanoscale engineering of theranostics, known as nano-
theranostics, has become an ideal trend in biomedical applications
especially for multimode imaging and combined therapeutics [1,2].
These smart nanotheranostics have displayed many advantages
such as targeting, response to multiple stimuli, controlled delivery,
better contrast and treatment efficacy, improved transport effi-
ciency, and so on. Hence, such ‘all-in-one’ functionality with their
multimodality has immense potential, but ultimately they must be
adapted for clinical usage. As a result, researchers from various
fields are trying to design clinically suitable theranostics by
improving the synthesis procedures without losing the efficacy of
the fabricated platforms. Recently, developed functional nano-
theranostics and their critical challenges have been highlighted in
Table 1.
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Scheme 1. Schematic illustration of a nanotheranostic system.
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Table 1
Nanotheranostics with their critical challenges [1,2].

Nanotheranostics Testing level Critical concerns

Metallic In vitro and in vivo Slow degradation and toxicity
Non-metallic In vitro and in vivo Premature release of payload
Biological In vitro and in vivo Site-specific targeting

Quantum dots In vitro and in vivo Rapid clearance and toxicity

3. Nanomedicine for localized infarction of tumor vessels

Profusion of capillaries within tumor angiogenesis causes tumor
vascular infarction, which is one of the most efficient ways to
inhibit tumor growth. Remarkably, a single blood clot could be
sufficient for blocking a single vessel that causes the death of
thousand cells. Tumor vasculature inhibition can be achieved
through antiangiogenic and site-specific vascular disruption of
antitumor molecules [57]. Coagulation factor—induced tumor
vessel infarction is a novel approach in vascular targeting applica-
tions. Nonspecific bio-distribution of conventional chemothera-
peutic drugs result in inadequate therapeutic levels inside the
cancer cells where tumor vascular system has direct contact with
vascular endothelial cells. Moreover, various anticancer drugs and
antiangiogenic and vascular disrupting agents have been tried to
inhibit tumor progression and block tumor blood supply. Among
several fusion proteins, truncated tissue factor (tTF)-NGR retains its
thrombogenic activity and binds to its specific targets on endo-
thelial cells during intravenous infusion, which induces thrombosis
in blood vessels, showing perfect tumor growth regression. Con-
jugated peptide assemblies, viz, tTF-RGD, Cys-Arg-Glu-Lys-Ala, and
tumor-homing pentapeptide, are popular approaches in
vessel infarction especially in breast and lung cancer. However,
poor targeting and high-dose administration limit the applicability
of these agents. Thus, nanomedicine-based strategies with better
therapeutic efficacy and safety have proved their suitability for
localized infarction of tumor vessels in targeted cancer therapy.
Targeted tumor vasculature, especially nucleic acid—integrated
nanohybrids, is a recent development in onconanomedicine
[95—100]. In addition, conductive hydrogel with hydrogen sulpfide
release and hydrogel crosslinked with tetraaniline nanoparticles
have been tried for localized infarction of vessels. Furthermore,
engineering of smart nanotherapeutics has been proposed ac-
cording to the specific structural and functional features of tumor
vasculature. Importantly, nanohybrids that selectively blocks blood
supply to the tumor with significant cell death has been studied

Precise targeting
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successfully in treating vessel infarction in a solid tumor (Fig. 1a and
b). Vascular infarction and tumor necrosis have been observed via
delivering thrombin-loaded DNA nanorobots and polyethylene
glycol—conjugated retargeted tissue factor into tumor vessels
[95,96].

In brief, DNA-integrated nanoassemblies known as nanorobotics
have been tested for targeted imaging, biosensing, and cargo de-
livery applications, as shown in Fig. 1a [96]. These DNA-based
nanohybrids have become much popular for selective occlusion of
tumor blood vessels by reducing the nutrient and oxygen level in
the tumor environment that induces cancer cell death. In this
approach, platelet activation and fibrinogen-to-fibrin conversion
occur with obstreperous thrombosis via regulation of platelet ag-
gregation. However, naked thrombin is short-lived in the circula-
tion inducing coagulation events but not yet explored extensively
for cancer treatment. Therefore, it is necessary and critical to pre-
cisely deliver thrombin solely to tumor sites in a highly controllable
manner to reduce its side-effects in healthy tissues. Overall, DNA
nanorobotic systems have the possibility to inspire new design of
cancer therapeutics by delivery of small interfering Ribonucleic
acid (siRNA), and chemotherapeutic anticancer or peptide drugs.
Moreover, combinations of these DNA nanorobotic systems with
other therapeutic strategies may help to accomplish the eradication
of solid tumors [96,101].

On the other hand, polymeric poly(lactic-co-glycolic acid)—
cofunctionalized nanoplatelets (platelet membranes are extracted
from whole blood of mice in this case) are chemically conjugated
with the thrombolytic drug, recombinant tissue plasminogen
activator (rtPA), which is further evaluated for localized infarction
of tumor vessels, as explained in Fig. 1b [102]. Thus, the platelet
supported polymeric nanoparticles (nanoplatelets) are consid-
ered recently developed targeted delivery systems. These engi-
neered hybrids have been tested for delivery of the thrombolytic
drug, rtPA. Surprisingly, these tailored nanoplatelets demonstrate
better thrombolysis activity and therapeutic efficacy than free
rtPA, indicating their low risk of bleeding complications at the
in vivo level. Moreover, these platelets support to maintain the
integrity of the damaged endothelium and avoid critical chal-
lenges of active targeting keynotes to thrombolytic agents because
of the inherent targeting molecules on the plasma membrane.
Consequently, nanoplatelets gained superiority over the existing
molecularly targeted thrombolytic nanotherapeutics. Overall,
these hybrid biomimetic nanoplatelets demonstrated a promising
solution for better efficacy and reduced bleeding risk of throm-
bolytic therapy in a wide spectrum of thrombotic diseases.
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Fig. 1. (a) Localized infarction of tumor vessels using thrombin-loaded DNA nanohybrids (known as nanorobots). Reproduced with permission from ref Mehwish et al [95] and Li
et al [96] Copyright of ACS Publishing Group published in 2019 and Nature Publishing Group published in 2018. (b) Schematic illustration and proposed mechanism of polymeric
nanoplatelet design and its microscopic images. Reproduced with permission from Xu et al [102] Copyright of Wiley Publishing Group published in 2019. tPA = tissue plasminogen
activator; PLGA = poly(lactic-co-glycolic acid); NP = nanoparticle; RBC = red blood cell; PMV = platelet membrane vehicles; SH = represent the thiol groups present on the surface of

nanohybrids.
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However, poor targeting ability, short half-lives, and uncontrolled
bleeding complications are some of the remaining hurdles of
these nanosized platforms.

4. Nanocontrast agents for localized imaging

Early-stage and site-specific diagnosis are major challenges in
biomedical research. For decades, small molecule—based con-
ventional contrast agents have been widely used for imaging
although they are associated with several potential drawbacks
such as nephrotoxicity, rapid clearance, non-specific bio-
distribution, poor image resolution, poor uptake in the tumor
microenvironment, and low biocompatibility [11,103—105]. In
the past few years, owing to the high atomic number, density,
and radio-contrasting and deep tissue penetration ability,
various imaging agents such as Ba, U, Gd, Dy, Yb, W, Pb, Cu, Lu,
Ta, Bi, Au, and organic dyes have been tried for bioimaging ap-
plications. However, these imaging probes have limitations such
as poor uptake and high toxicity issue [11]. To overcome these
hurdles, integrating the aforementioned imaging agents in soft/
hard matrixes at nanoscale or engineering themselves in nano-
formulations has been proposed that are recognized as a versa-
tile approach for better imaging and high resolution of a specific
and abnormal area, as shown in Fig. 2a—f. A wide range of
functional contrast agents and their advantages and disadvan-
tages has been addressed in this review, as highlighted in Table 2.
Specifically, small-sized gold nanorod—encapsulated silica
nanohybrids as a diagnostic agent are discussed here as an
example. In detail, the designed gold nanorod-silica nanohybrids
has been proposed as safe contrast agents for X-ray computed
tomography (X-ray CT) imaging owing to the high atomic num-
ber and electron density of embedded gold nanorods. The silica
overcoating have multiple advantages for gold nanorods such as
(1) reduced aggregation, (2) improved biocompatibility, (3)
enhanced stability, and (4) circulation. In addition, the silica
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surface is available for easy surface functionalization. Effective
distribution of gold nanorods in silica nanoparticles is recently
achieved, as shown in Fig. 2a. On the other hand, small gold
nanoparticles are decorated with a silica core, as shown in
Fig. 2b. Apart from X-ray CT imaging, these gold-silica nano-
hybrids are also a promising approach for photoacoustic (PA)
imaging owing to better optical absorption and surface plasmon
resonance (see Fig. 2¢). Importantly, the engineered silica-coated
gold nanorod hybrid is decorated with folic acid as a targeting
ligand and applied as a safe contrast agent for solid tumor
diagnosis and specific biodistribution followed by X-ray CT im-
aging, as shown in Fig. 2d and e. Similarly, the functional mag-
netic nanohybrid has been applied for localized imaging of the
liver, followed by magnetic resonance imaging (MRI) (see Fig. 2f).
Overall, these nanosized structures have potential impact for
localized bioimaging and tumor diagnosis [3,11,106—109]. How-
ever, the mechanism of interaction between solid tumor and
solid nanoparticles is under investigation and is an ongoing
discussion in onconanomedicine [109]. Apart from this, so far,
various nanostructures such as self-assembled soft nano-
particles, organic nanohybrids, inorganic nanocomposites/hy-
brids, and bioinorganic/bioorganic nanoparticles have been
proposed for deep tissue visualization and targeted tumor im-
aging owing to their specific binding ability, high contrast ability
(radiodensity, emissive nature, stimulus response), and
improved accumulation [3,109,110]. Especially, nanosized inor-
ganic hybrids/composites are more chemically stable and widely
used in biomedical imaging owing to high X-ray absorption co-
efficients, high atomic numbers and electron density, non-
invasive modalities, high spatial control ability, and so on
[11,110]. It has been observed that high electron coefficients,
electron density, and electron delocalization decide the bright-
ness and contrast ability of nanoscale hybrid materials to obtain
significant comparison between normal and abnormal tissues
under the exposure of electromagnetic radiations [105].

C blank 30 min 1h

HCuS@Cu, S|

Fig. 2. TEM images of engineered gold-silica nanocontrast agents (a and b), photoacoustic (PA) imaging of the U87MG tumor-bearing mice with and without low power density
(50 mW cm~2) pretreatment at different time intervals after intravenous injection of the nanohybrids (c), X-ray computed tomography imaging of tumor-bearing mice using gold-
silica nanohybrids and gold nanoparticles as the contrast agent (d and e) and magnetic resonance imaging (MRI) scans of pre-injection and 1 h post-injection of 10 cluster C3 or
ferumoxytol at a region in the liver (red dotted circle, f). Reproduced with permission from Lim et al [3], Prasad et al [71], Patra et al [106], Deng et al [109], and Zhao et al [110]

Copyright of ACS Publishing Group published in 2012, 2015, 2017 and 2018. TEM =

transmission electron miscroscopy.
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Functional contrast agents with their advantages and disadvantages [1-3,106—110]].

Contrast agent

Advantages

Disadvantages

Imaging modality

lodinated contrast (iohexol, iodixanol,

1.

Cost-effective

1. Non-specific interactions

X-ray CT imaging

iothalamate, and so on) 2. Better image resolution 2. Rapid clearance
3. Higher signal-to-noise and 3. Multiple- and high-dose
contrast-to-noise ratios requirement
4. High viscosity
5. Nephrotoxicity
124]_labeled cRGDY silica 1. Better photo stability and 1. Slow biodegradation PET imaging
biocompatibility 2. Low product yield
2. Specific binding ability 3. Low tumor accumulation
3. Long circulation 4, Easy particle aggregation
4. High resolution 5. Long-term retention in the body
5. Easy in surface modification 6. Complicated synthesis
Plasmonic nanoparticles (Au, Ag, Pt) 1. Easy synthesis, surface engineering, 1. Easy aggregation and slow X-ray CT imaging
and large production degradation
2. Good stability and biocompatibility 2. Expensive synthesis procedures
3. High image resolution and deep and high cost of contrast
penetration 3. Inflammation of major organs
due to high X-ray attenuation 4. long-time retention in the body
and atomic number 5. High accumulation in the liver
4. Strong tumor-binding and high and spleen
accumulation ability
5. Better circulation and specific bio
distribution ability
6. Minimum dose requirement
Cyanine 5.5, fluorescein isothiocyanate, 1. Easily soluble 1. Poor photo stability Optical and
indocyanine green 2. Biocompatible 2. Poor circulation fluorescent imaging
3. Deep tissue penetration 3. Rapid excretion
4. Non-specific biodistribution
Superparamagnetic iron oxide 1. Better image contrast due to high 1. Complicated synthesis and low MR imaging
nanoparticles, macrocyclic compounds rotational correlation time and low product yield
chelated with paramagnetic metal ions relaxivity 2. Non-specific biodistribution
like gadolinium (Gd**) and manganese 2. Biocompatible 3. High concentration need for
(Mn?*), MnO nanoparticles 3. Strong and better tumor accumulation high image resolution
ability 4. Requirement of high magnetic
4. Better dispersibility field
5. High surface-to-volume ratio 5. Low circulation
6. Slow degradation
Carbon nanotubes, gold nanorods, gold-silica . Simple design and high photostability 1. Low conversion efficiency due to PA imaging
nanohybrids, organic dyes, porphyrin- . Deep tissue penetration ability poor absorption
phospholipid—coated upconversion 2. Slow degradation in case of

nanoparticles, silicon nanoparticles

. Good biocompatibility

inorganic hybrids

. High optical absorbance

1
2
3. Enhanced surface plasmon resonance
4
5

3. Low sensitivity

4. Low tumor accumulation and
binding ability

5. High accumulation of nanoparticles
in the liver (30—99%)

CT = computed tomography; MR = magnetic resonance; PA imaging = photoacoustic imaging.

Onthe other hand, several imaging techniques such as PA imaging,
X-ray CT, MR, positron emission tomography, ultrasound (US), and
fluorescence molecular tomography have been established for clin-
ical imaging applications [110,111]. Each imaging modality has its
unique merits and limitations. However, these imaging techniques
require nanosized contrast agents to improve data visualization.
Thus, single-nanostructure—based contrast media can be used for
multiple imaging modalities to take major advantages of the prom-
ising benefits of such hybrid imaging techniques, and several exam-
ples are documented in the literature [105]. Interestingly, surface
engineering and functionalization of proposed nanosized contrast
agents improve the specific biodistribution, tumor accumulation
ability, and localized tumor diagnosis with better resolution. The
slightly larger size and surface functionalization also enhances blood
circulation and biocompatibility of the injected nanosized contrast
agent compared with conventional contrast media [11,109]. More-
over, the conventional contrast agents are limited with poor surface
modification and engineering; therefore, they induce high toxicity
and poor image quality. Hence, proposing nanosized imaging probes
could have a potential impact for targeted tumor imaging and should
be considered as major developments in nanobioimaging applica-
tions [105].

5. Nanotherapeutic agents for imaging-guided cancer
therapy

Traditionally used chemotherapeutic drugs show non-specific
distribution and are therefore associated with high toxicity and
side-effects [112]. In addition, these drug molecules are unable to
differentiate between healthy and cancer cells owing to their mo-
lecular size and easy penetration into the cellular
interior [101,113—115]. Consequently, nanocarriers were proposed
to make them specific and carry drugs to the targeted site of the
tumor/cells because of easy surface functionalization, have a large
surface area, and large cargo capacity of engineered nanostructures
[70,107]. Identification of specific receptors on the cell membrane is
essential to promote high accumulation of modified nano-
conjugates into the tumor cell by surface modification with tar-
geting ligands. In fact, surface modification enhances
biocompatibility and blood circulation of the injected nanohybrids
and prevents direct contact of the loaded drugs with red blood cells
and other healthy cells/tissues [101,107]. Overall, surface-modified
nanohybrids have a strong binding ability toward cancer cells but
not with healthy cells owing to the interaction between specific
targeting ligands and receptors on the cancer cell membrane
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Functional therapeutic agents with their advantages and disadvantages [116—134].

Therapeutic agent

Advantages

Disadvantages Therapeutic modality

Porous silica, DOX-liposome, DOX-PLGA,
DOX-graphene oxide, gold nanoshell,

1.

Large surface area and
cargo capacity

. Premature cargo release
. Poor tumor accumulation

1 Chemotherapy
2

3. Non-specific biodistribution

4

5

silica-gold nanohybrids, quantum 2. Smooth circulation
dot—gated mSilica, WS, 3. Easy preparation and reproducibility . Slow degradation
4. Better stability . Long-term toxicity
5. Easy surface modification
Gold nanorods, nanocages, gold-liposomes, 1. Easy preparation 1. Easy aggregation Photothermal therapy
graphene oxide—wrapped liposomes, 2. Good optical property 2. Long-term exposure (10—30 min)
gold nanorod—encapsulated silica, 3. Enhanced surface plasmonic property and high power (3—20 W/cm?)
copper sulfide, plasmonic nanoshell, 4. Good biocompatibility and smooth requirement of NIR light
ICG-mSilica spheres, PEGylated silica-gold circulation 3. Uncontrolled photothermal
nanoshells 5. Good photothermal response damage of surrounding healthy
6. Easy biodegradation (in case of tissues
gold-liposome and graphene 4, Slow excretion
oxide—wrapped liposome) 5. Low tumor-binding ability
Quantum dots, organic dye—based 1. Easy synthesis 1. High cost Photodynamic therapy
photosensitizer (indocyanine green 2. High product yield 2. Non-specific ROS distribution
toluidine blue, methylene blue, hypericin), 3. Better optical property 3. Uncontrolled oxidative stress on
porphyrin, chlorine 6, dye-conjugated 4. High production and rapid healthy tissue/cells
gold nanorods and 2D Mxene, dye-loaded effect of ROS 4, Low stability
liposomes, NaYF,4:Yb>*, Er?, metal-organic 5. Easy and high tumor-binding 5. Uncontrolled particle size (in case
framework, copper bismuth sulfide ability of inorganic hybrids)
6. Smooth circulation and good 6. High power density requirement
biocompatibility of NIR light
7. Easy excretion
Drug-loaded plasmonic nanoshell, 1. High cargo capacity and 1. Non-specific biodistribution Combined
DOX-loaded graphene oxide—wrapped thermal conversion efficiency 2. Side-effect on the surrounding chemo-photothermal
liposome, DOX@single-wall carbon 2. Good biocompatibility healthy tissues therapy
nanotubes@BSA@Au—S-PEGFA, 3. Controlled drug release and 3. Poor blood circulation

DOX@GNR-mSilica, DOX-graphene
oxide, DOX-AuNRs@liposomal 4.
nanohybrids

therapeutic ability
Significant tumor reduction
and cancer cell death

5. Better reproducibility

6. Minimum NIR light exposure
requirement with low power

(0.5-2.0 W/cm?)
7. Easy degradation ability

4. Uncontrolled side-effect of the
released
chemotherapeutic drugs

. Long-term side-effects

6. Expensive process

w

NIR = near-infrared; ROS = reactive oxygen species.

(Fig. 3). On the other hand, EPR effect and nanohybrid accumulation
in the tumor microenvironment have been widely studied so far
[116,117]. The EPR effect helps in improving the delivery of cargo
carriers and drug molecules to the tumor area wherein vasculari-
zation is well matured. Importantly, low vascularized areas in tu-
mors reduce the entry of injected nanohybrids/drug molecules,
which can prevent cytotoxic effect on cancer cells, which can lead
to tumor recurrence after treatment [2]. Second, the acidic envi-
ronment of cancer cells/solid tumor offers resistance to anticancer
drugs and prevents their movement across the cell membrane.
Third, non-specific distribution and poor uptake of chemothera-
peutic drugs results in cytotoxicity and various side-effects on
major organs, mainly on the liver, kidneys, and spleen [2,117]. To
resolve the aforementioned critical issues of cancer therapy, cur-
rent research is focused on developing nanohybrids called as
‘nanotheranostics’-based therapeutic approaches, for localized/
targeted treatment [110,118], which presents improved eradication
of solid tumor/cancer cells (Fig. 4a—d). Recently, developed nano-
medicines are being engineered to deliver anticancer/therapeutic
drugs exclusively to the tumor with a more effective concentration,
without damaging the surrounding healthy tissues (see Table 3).
Fig. 4a shows the diagrammatic representation of a functional
nanotherapeutic design along with its surface engineering. In
recent years, nanosized systems have been proposed for manipu-
lating the tumor microenvironment owing to the biocatalytic and
specific biological properties of the administered small-sized par-
ticles (widely studied for 10—500 nm) compared with larger par-
ticles (more than 1000 nm), as shown in Fig. 4b [119]. After entering

into cancer cells and into the tumor microenvironment, these
nanoparticles produce reactive oxygen species (ROS), heat, and
sound waves upon exposure to external stimuli. This can be attri-
bute to their specific properties such as light to heat response or
light to sound response to targeted the treated cancer cells
[2,71,119]. Apart from this, the irradiation of external stimuli in-
duces the triggered release of loaded therapeutic agents/drugs
from the fabricated nanohybrids [71]. Functional nanohybrids have
been applied for an external stimuli active multimode imaging and
therapeutics, as shown in Fig. 4c and d. Overall, nanosized plat-
forms can be engineered according to the need for internal (pH,
H,0,, glutathione, and so on) and external (heat, temperature,
magnetic field, US, light, and so on) stimulus conditions that
mimick the cancer cell cytoplasm/tumor microenvironment,
demonstrating their bioresponsive nature for safe nanomedicine
[120]. With respect to the aforementioned stimuli, some targeted
nanotherapeutics has been designed for safe treatment. Specially,
some of the targeted therapies have been tested and established at
the preclinical/clinical level with promising therapeutic response
without showing any side-effects on healthy cells and tissues,
which is due to their site-selective ability. Recently proposed cancer
therapies using nanomedicines as safe treatments are discussed in
the following sections.

5.1. Near-infrared light—mediated photothermal therapy

Light-mediated photothermal therapy (PTT) using photothermal
active nanohybrids has attracted a much attention for tumor
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reduction owing to its non-invasiveness and high selectivity
[1,2,71,109,116—121]. Moreover, PTT has been recognized as a
promising treatment for cancer therapy owing to deep penetration
power of exposed near-infrared (NIR) light, high photothermal
conversion efficiency, and low absorption ability by healthy tissue
[109,122—124]. Thus, the generated photothermal heat demon-
strates its selective effect in tumor regions (photothermal
agent—accumulated area) during NIR light irradiation without
affecting the surrounding healthy tissues/cells [122,123]. So far,
various nanosized photothermal platforms such as organic dyes,
gold-silica nanohybrids, gold-liposome nanostructures, CuSyc,
CuS@MnO; hybrids, plasmonic gold nanorods, 2D nanosheets (gra-
phene oxide, MoS;, WS;, MXene, and so on), plasmonic nanoshell,
gold nanorod—encapsulated polymeric nanohybrids, and so on have
been proposed for localized tumor ablation [2,3,71,125—129]. Some
recent observations of localized PTT have been explained in
Fig. 5a—d. Furthermore, the strong absorbance of these nano-
structures in the tissue-transparent NIR optical window
(650—900 nm) makes them suitable candidates for photothermal
cancer therapy [127,130]. The first window of the NIR range
(650—900 nm) is widely studied for plasmonic PTT for localized
tumor ablation [3,71,124,128,129,131—-133]. Particularly, different
types of gold nanoparticles (nanoshells, nanorods, and nanocages)
have been validated for PTT owing to better surface plasmon reso-
nance and phototransduction property [132,134,135]. Interestingly,
NIR light—mediated PTT has been investigated for preclinical and
clinical studies that demonstrate its potential impact for tumor
regression [133]. For example, surface-engineered gold nanorod
structures have been evaluated for localized PTT, as shown in Fig. 5¢
and d. During NIR light exposure, the promising photothermal
response from the tumor area is indicative of easy accumulation and
homogeneous distribution of small-sized nanorods in the tumor
environment (see Fig. 5¢). Furthermore, the generated heat enhances
the photothermal damage of tumor cells, which is validated in ani-
mal studies. A comprehensive in vivo examination (tested up to 25
days) demonstrated significant tumor reduction in case of surface-
modified nanorods compared with parent nanorods, exhibiting the
potential impact of localized therapy, as shown in Fig. 5d. Interest-
ingly, good penetration power of NIR light enhances the homoge-
neous photothermal effect in the whole tumor environment and
damages the nucleic acid of the targeted cancer cells [ 132]. However,
ROS are observed recently as the second major product of PTT that
damage cancer cells and healthy cells via oxidative stress and
oxidation of the cell membrane [55]. The non-specific distribution of
ROS induces various toxic effects in healthy cells/tissues by affecting
their cellular interior. To the best of our knowledge, the potential
validation of PTT depends on (1) localizing these produced ROS to-
ward cancer cells or (2) scavenging these produced ROS to reduce
the oxidative damage of healthy tissues/cells. Therefore, nano-
scavengers (bimetallic plasmonic gold nanorods) have been pro-
posed recently for targeted cancer cell elimination [52]. Apart from
these concerns, slow degradation, poor tumor accumulation, low
binding ability, non-specific biodistribution, slow clearance, long-
term toxicity, and so on are the remaining challenges for inorganic
photothermal agents, which need to be resolved for safe oncona-
nomedicine. Therefore, dye-conjugated organic soft nanosized
platforms have been conceptualized as safe and potential photo-
thermal agents for targeted nanomedicine, but low photostability
and poor reproducibility are major concerns of these systems [136].

Hence, engineering bioresponsive nanohybrids could resolve
the aforementioned limitations and fulfill the requirements of safe
therapeutic platforms in PTT. For example, liposomes and poly-
meric nanohybrids represent major achievements in cancer nano-
medicine owing to their good biocompatibility, high capacity to
carry photothermal agents, high tumor accumulation, and easy

surface modification with targeting molecules [137—140]. Second,
nanoscavengers are also another recent example of photothermal
therapeutics in onconanomedicine [52].

5.2. Photodynamic cancer therapy

NIR light—mediated photodynamic therapy (PDT) is another
promising approach for selective tumor reduction, especially
photosensitizer (PS)-based PDT [141—144] (see Fig. 6a—d). In PDT,
toxic oxygen species, viz, ROS produced from PS molecules during
light exposure, destroys the tissue environment and kills selective
cancer cells. Localized and efficient delivery of NIR light (both the
first and second optical window) improves the effectiveness of PSs
in PDT, showing promising oxidative stress and toxicity for targeted
cancer cells/tumors [145—154]. However, poor site selectivity is the
critical concern with most PSs which results in its wide distribution
to healthy tissues and cells instead accumulating into tumor
microenvironment [148,149]. In addition, the non-specific distri-
bution of produced ROS in healthy tissues especially in skin causes
various side-effects [ 151—154]. Furthermore, light-activated PSs can
penetrate deep into biological tissues, which plays an important
role in PDT using lasers, halogen and arc lamps, and light-emitting
diodes [152]. Absorption of clinically approved PSs (e.g. porphyrin
and its derivatives) in the visible region limits light penetration,
which reduces the efficiency of PDT [155—157]. Developing NIR
absorption PSs could be a potential solution to overcome the lim-
itation of PDT for deep tumor treatment [158,159]. Therefore, two-
photon excitation is the best way to shift the absorption ability of
PSs toward the NIR range (700—1100 nm), which demonstrates a
higher deep penetration power (up to 5-mm depth) for improved
PDT effect [160—164]. Interestingly, two-photon excitation is
consistently better than one-photon excitation owing to high
spatial control of PS activation in three dimensions during PDT
treatment and the high signal-to-background ratio [162,163]. Apart
from phototoxicity toward healthy tissues, these PSs suffer from
poor photostability, low circulation, poor binding and accumulation
ability, and rapid quenching process, which results in low efficacy
of ROS generation and poor PDT performance [165]. The rapid
growth in nanobiotechnology and nanomedicine opens adaptable
opportunities to overcome the limitations of conventional PDT by
integrating multiple components in a single therapeutic strategy.
Furthermore, to overcome the whole body circulation of injected
PSs that cause phototoxicity, nanohybrids have been proposed to
carry these PSs to make them site selective. The carrier systems
such as liposomes, porous carbon, porous silica, polymeric matrix,
and so on prevent the direct interaction between PSs and the
healthy cellular/tissue environment [166—168]. For example, lipo-
somal nanostructures are recently proposed for PDT applications,
as shown in Fig. 6a and b. Folic acid as a targeting ligand has been
attached to the exterior surface of these PEGylated liposomal
nanohybrids (1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-
Poly(ethylene glycol) named as DSPE-PEG liposomes), which are
validated for in vitro and in vivo anticancer activity. A significant
tumor reduction (more than 64%) is observed during NIR light
irradiation, indicating the site-specific delivery of the produced ROS
and their oxidative stress on the tumor microenvironment (see
Fig. 6b). Hence, nanosized platforms have a major role in the cur-
rent strategies of PDT, followed by active and passive targeting
pathways, as shown in Fig. 6¢ and d [146,169—172]. The EPR effect
enhances the passive targeting and high accumulation ability of
nanohybrids in the deep tumor environment, whereas surface
modification with a specific targeting ligand improves the active
binding ability of these nanosized systems. Moreover, these carriers
enhance the biocompatibility, photostability, site-selective tumor-
binding ability, and bioresponsive delivery of PSs. In some cases,
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nanoparticles are exposed to X-rays as an energy source to initiate
PDT against solid tumors, which aids in localized diagnosis and
radiation therapy [173].

5.3. Targeted cancer immunotherapy
Today, targeted cancer immunotherapy has evolved as an

authoritative effective strategy in cancer treatment [185]. Mul-
titier immunosuppressive mechanisms hamper the immune

system of patients with cancer [174—177]. The tumor-specific
immune response is observed in cancer immunotherapy, which
has received tremendous attention today [178]. Weak immuno-
genicity of cancer antigens creates negative regulatory pathways
and poor infiltration of T cells into the tumor, and thus, tumor-
immunosuppressive  microenvironments promote cancer-
immunity cycles [179—186]. Recently, chimeric antigen receptor
(CAR)—reprogrammed T cells, known as CAR-T cells, represent
breakthrough modalities in treating blood cancers such as B-cell
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leukemia via direct reorganization of cancer cell surface antigens
instead of using antigen peptide—targeting moieties [187—189],
as shown in Fig. 7a—f. However, some major concerns of
immunotherapy related to their good efficacy and reduced side
effects remain unaddressed. For example, longer HA rods have
been evaluated for prolonged Alex Fluor 647-OVA retention and
cell accumulation around the injection site at the in vivo level, as
shown in Fig. 7a and b. Furthermore, the accumulation is vali-
dated with in vivo imaging and various other characteristics, as
shown in Fig. 7c and d. Overall, activation and proliferation of T
cells are mandatory in cancer immunotherapy, to kill the tumor
cells effectively [189]. In addition, TAA-relevant pMHC complexes
and OVA-HBc nanocages have been tested for cancer immuno-
therapy (see Fig. 7e and f). Importantly, cytokines, antigens, and
antibodies are immune boosters, and these agents involve mostly
peptides/or proteins that moderate the host immune cells via
binding toll-like receptors (TLR) on dendritic cells (DCs) and T-
cell receptors [190—192]. Inefficient delivery of these therapeutic
agents to tumor sites is still being questioned, which needs to be
resolved. Second, oral administration of protein- and peptide-
based drugs is associated with poor circulation and low
biocompatibility [193]. As a result, biomaterial-based therapeutic
systems are required to minimize the clearance and degradation
of these drugs [194]. Moreover, these biomaterial-based systems
improve the biocompatibility and targeted delivery of these
drugs on the specific site of tumor via conjugation with precise
targeting ligands. So far, a number of bioresponsive hybrid ma-
terials have been designed to deliver a variety of immunomod-
ulators, engineered without genetic modification [195]. For
example, a protein nanostructure ‘in the form of nanocage’ is
recently applied as a potential functional platform for nano-
medicine. Multiple functionalities have been integrated in the
nanocage form, followed by genetic and chemical modification,

such as OVA peptide, which is conjugated with the hepatitis B
core protein nanocage (OVA-HBc), as shown in Fig. 8a—e. The
designed OVA-HBc nanostructure demonstrates good effective-
ness of epitopes, which can induce bone marrow—derived DC
maturation effectively. Furthermore, OVA-HBc nanohybrids as a
potential nanovaccine demonstrate better immunity against tu-
mor and significant tumor growth inhibition. These biomaterial-
based platforms can minimize the dose and the concentration of
the administered drugs, which are the major advantages in cur-
rent cancer nanomedicine.

5.4. Targeted combination therapies

So far, it has been observed that stand-alone chemotherapy,
phototherapy and radiation therapy remain the dominant treat-
ment for a variety of cancers [196—199]. Among them, PTT and
chemotherapy have become popular research topics individually
and represent emerging and promising approaches for cancer
therapy [200—203]. However, they are far from achieving a com-
plete reduction or elimination of various tumors before trans-
lating to the clinical level. Overall, it is well studied and
documented in the literature that stand-alone cancer therapies
such as chemotherapy, phototherapy, PDT, or radiation therapy
are unable to reduce the tumor significantly [70]. Hence, it is
believed that the combination of these strategies could be more
beneficial for significant tumor regression [203]. Recently,
numerous combinations of functional agents such as photo-
thermal agents, chemotherapeutics drugs, and PSs in a single
platform have been conceptualized for a targeted safe therapy
[2,204], as shown in Fig. 9. To the best of our opinion, developing a
tumor microenvironment—responsive theranostics platform with
multimode imaging—guided combination therapeutics can solve
some of the major challenges of localized cancer nanomedicine
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[2]. During integration of multiple therapeutics in a single system,
nanohybrids face several limitations such as loss of their unique
therapeutic abilities in the tumor microenvironment or even
before reaching the target site, time-consuming and complicated
process, reduction in the surface area leading to low cargo-loading
capacity and uncontrolled particle size distribution, easy
aggregation, poor degradation, and so on. Hence, several nano-
sized hybrids/composites based on lipid soft assemblies, organic
assemblies, polymeric particles, micelles, drug-conjugated poly-
meric nanohybrids, PS-tagged drug-loaded polymeric spheres,
organic dye—loaded liposomes and polymers, drug-loaded
liposome-gold, drug-loaded silica-gold, drug-loaded conjugated
graphene-silica, and so on have been proposed for combination
therapies, known as chemo-photothermal therapy, photothermal-
photodynamic therapy, chemo-photodynamic therapy, and a tri-
ple combination of PTT, PDT, and chemotherapy [205—209].
However, non-specific biodistribution, low tumor accumulation
ability of the injected nanomedicines, slow degradation, signifi-
cant tumor size reduction, inflammation, and poor circulation are
critical limitations of these proposed nanohybrids and treatment
strategies [55,71,210—212].

For example, a novel structure of gold nanorod—encapsulated
silica nanohybrids loaded with anticancer drug has been proposed
for synergistic chemo-photothermal therapy, as shown in Fig. 9.
The designed nanostructures exhibit strong absorption ability in
the NIR range and show their deep penetration ability owing to
localized surface plasmon resonance (LSPR) and high electron
coefficient. Significant photothermal response of nanohybrids is
achieved owing to better LSPR that enhances cancer cell death
induced by photothermal heat, as shown in Fig. 9a—c. Fig. 9d
shows the effective photothermal response of the nanohybrid-
injected animal model demonstrating the potential effect of
plasmonic nanohybrids for light-mediated therapy, which is
further validated by several in vitro and in vivo measurements (see
Fig. 9e—l). The simple nanoengineering of multifunctional plas-
monic gold nanorod—based nanohybrids for combined cancer
therapeutics has been demonstrated in Fig. 9m and n. Overall,
engineering nanosized medicines in light of features of tumor
microenvironment conditions (hypoxia, enzymes, ROS, acidity,
and glutathione) has become a recent trend in onconanomedicine
[55,213—219]. Thus, these designed nanomedicines demonstrate
their potential impact under cellular conditions that exhibit
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significant death of cancer cells/tumor cells and prevent their
premature effect in the physiological environment (known as the
extracellular environment) [219]. These bioresponsive stimulus
help nanohybrids to trace cancer cells and perform their ability in
the cancer-mimicked environment (Fig. 9). Thus, a rational design
of the combination of different therapeutic modalities in a single
nanoplatform may be a potential approach for enhanced thera-
peutic response, especially for synergistic therapeutic effects on
tumor reduction. Despite the various advantages of combined
therapeutics, these strategies suffer from several limitations, such
as the fact that combined photodynamic-photothermal therapies
not only produce heat and ROS that destroy cancer cells [55] but
also have non-specific uptake by normal tissues during the ther-
apeutic process, which not only reduces phototherapeutic efficacy
but also causes undesired damage to normal tissues/cells
[55,220—222].

6. Nanomaterials into the solid tumor environment

Effective penetration and delivery of diagnostic and therapeutic
nanomaterials into solid tumors is essential to decide the smartness
of cancer nanomedicines [122,223—227] (see Fig. 10). Studies from
earlier reports have suggested that tumor vasculature and the
extracellular medium modulate the transvascular and interstitial
transportation of nanohybrids, and both are critical for effectively
delivering nanohybrids into the solid tumor environment
[228—230]. Moreover, morphology of blood vessels and the tumor
microenvironment exhibits extensive permeability of nanoparticles,
as shown in Fig. 10a—c [231—233]. Ineffective delivery of nano-
hybrids/composites into solid tumors is recognized as one of the
major challenges in cancer nanomedicine [230]. Interestingly, the
physicochemical properties of the administered nanoparticles play a
major role in biodistribution, targeting efficiency, therapeutic out-
comes, and safety in biological systems, which allow utilization of
the advantages of nanohybrids in onconanomedicine [230,234]. On
the other hand, in cancer nanomedicine, the passive targeting of
nanoparticles is an easiest known pathway for solid tumor targeting,
which occurs by the EPR effect [64,230,234—237]. In EPR, nano-
carriers often do not travel owing to slow diffusion within the tumor
and increased interstitial fluid pressure [2,230]. For example, biotin-
PEGylated gold nanoparticles have been examined for specific

biodistribution and tumor accumulation, as shown in Fig. 10d. In
addition, the observed dense extracellular matrix in tumor tissues
also induces slow diffusion of nanoparticles as a result of which
transportation of nanohybrids into tumor tissues is often regulated
to perivascular regions [230]. More importantly, the heterogeneous
vasculature perfusion is notable in solid tumors that have several
regions with poor vessel perfusion and necrosis. However, the clear
mechanism of the reaction between nanoparticles and the tumor
microenvironment is less explored [2]. So far, external
stimulus—based approaches have been proposed to improve nano-
particle penetration into tumors; especially, nanoparticles that
reduce their size in the tumor microenvironment have been used to
improve diffusion into the interstitial space [2,230]. These afore-
mentioned concerns have been validated through the outcomes of
radiation and US therapeutic modalities but are suffering from
various limitations [238—242]. Overall, it has been understood that
the designed nanoparticle must have a long circulation time to avoid
the physical and biological barriers in the tumor microenvironment,
which helps for their tumor uptake [243,244]. Nevertheless, only
few studies have described the fundamental physicochemical
properties of injected nanoparticles that greatly influence their
blood circulation, specific biodistribution, localized tumor targeting,
and smooth clearance [242—248].

On the other hand, recently, it has been reported that the entry
of a nanoparticle through the gaps between endothelial cells (gaps
were reported to be up to 2 um) in the tumor blood vessel that are
molded during angiogenesis is a central pattern in cancer nano-
medicine, as shown in Fig. 10a and b [230,247]. But, recently, it is
realized and reported that these interendothelial gaps are not
responsible for the transportation of nanoparticles into the solid
tumor environment. The recent report demonstrates that about
97% of nanoparticles enter the solid tumor environment through
endothelial cells, followed by active uptake process [230].

7. Clearance pathways of nanotheranostics

So far, nanotheranostics has been realized as a versatile approach
in nanomedicine applications, especially for precise diagnosis and
treatment, which have attracted much attention today [249,250].
Interestingly, several nanosized systems such as liposomes, gold-
liposome hybrids, gold-silica, doxorubicin-liposome, albumin, and
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various others have been successfully applied in preclinical/clinical
applications, demonstrating their potential role in cancer nano-
medicine [55,60,70,71] (see Fig. 11a—d).

Degradation, biological response, and smooth circulation of the
administered nanosized platforms are major concerns [1,2].
Remarkably, once injected, nanoparticles are easily taken by the
reticuloendothelial system that leads to toxicity via long-term
retention and may hamper practical application [70,251]. There-
fore, the Food and Drug Administration (FDA) has classified those
injected diagnostic and therapeutic agents as agents that need to be
completely cleared within a rational time period after the mode of
action [238,252]. Thus, the nanosized medicine can reach up to
clinical translation if they fulfill the aforementioned requirements.
As a result, degradation and renal clearance have become a major
priority for removal of nanoparticles from the body [253]. So far, the
internal (pH, H20-, glutathione named as GSH, ROS) and external
stimulus (NIR light, heat, radiofrequency, external fields, and so on)
have been widely evaluated to understand the degradation of the

injected theranostics/nanomedicine before their application in
animal studies (see Fig. 1la—c). For example, gold nano-
rod—decorated liposomal nanohybrids have been recently
conceptualized for cancer theranostics application, particularly
targeted imaging and combined chemo-photothermal therapy.
Furthermore, the degradation/disintegration of these bioinorganic
nanohybrids has been evaluated during NIR light irradiation, as
shown in Fig. 11b. After localized diagnosis and treatment, the
disintegrated nanohybrids are easily cleared from the tested animal
body that ensured the high survival rate, which is a major deciding
factor of safe nanomedicine (see Fig. 11d). Moreover, ultrasmall
nanoparticles with less than 5.5 nm in size can be easily cleared
through the renal pathway, which is widely studied and well
documented in the literature [254—258]. However, ultrasmall
nanoparticles (5—7 nm in diameter) [254,256] are rapidly cleared
through the renal pathway that have very short circulation time
that reduces the possibility for better diagnosis and treatment
within the short time available, and also demonstrate non-specific
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biodistribution. On the other hand, large-sized nanoparticles (more
than 25-nm size) not only have longer circulation time but also
have potential site-selective targeting property and high drug-
loading capacity [259,260]. However, the reduced kidney filtration
force for nanoparticles increases their retention time in RES that
can lead to potential toxicity for the biological system [261—263].
Therefore, it has been noticed that degradation of larger particles is
a promising approach to develop safe nanomedicines, having suf-
ficient time to perform precise diagnosis and treatment [253].
These decomposed particles are easily removed from the body (see
Table 3).

8. Clinical status of nanomedicines

Several nanosized hybrids/composite materials have been
applied to localized imaging and targeted therapies, especially PDT,
PTT, and chemotherapy in cancer treatments [264—268] (see
Figs. 12a—j and 13). Various nanohybrids such as PEGylated gold
nanoparticles, gold-silica nanoparticles, ruthenium nanoparticles,
liposome-based nanoparticles, and many others have been devel-
oped for imaging and therapies up to clinical level owing to their
high biocompatibility, specific biodistribution, localized and site-
selective tumor-binding ability, smooth circulation, and easy
excretion (see Table 4) [269—-276]. In addition, soft and

biocompatible molecules such as folic acid, doxorubicin, indoc-
yanine green named as ICG, and so on have been used for diagnosis
and therapeutics in clinical studies [212,277—281]. Importantly,
application of NIR-responsive nanomedicine extends to diagnostics
of tumor and therapeutics such as triggerable drug or gene delivery.
Among them, light-based therapeutic modalities, known as pho-
tothermal and photodynamic cancer therapy, are realized as the
most promising targeted treatments [282—285]. One of the most
recently developed nanomedicines known as gold-silica nanoshells
(GSNs) (AuroShells) is composed of a silica core and a gold shell
with a size of ~150 nm, which are designed to maximally absorb
NIR light and convert it to significant heat with high tissue trans-
parency, which have gained particular interest in biomedical ap-
plications [270]. These particles absorb the exposed light and
generate significant amount of heat that induces highly localized
hyperthermia for effective PTT of cancer, resulting in cell death and
tumor reduction that has been tested in preclinical animal models,
as shown in Fig. 12h and i. Other nanoparticles such as gold
nanorods, gold-liposome nanoparticles, gold nanocages, and so on
have been tested at the in vitro and in vivo level and are believed to
be tested soon in clinical trials [55,70,286]. Based on our survey and
knowledge, we have noticed that nanobiotechnology-based mate-
rials known as nanomedicine required several years of clinical trials
to gain patients' confidence and trust.
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A recent study by University College London reports that about
51% of patients could have been considered for focal prostate
ablation of their index lesion, that is, the treatment of localized
prostate cancer with minimum side-effects of whole-gland treat-
ments [287]. Moreover, high-intensity focused US, specific cryo-
therapy, irreversible electroporation, laser interstitial thermal
therapy, and PDT have been developed [288—290]. Recently, a
clinical trial using laser-excited GSNs was applied in combination
with magnetic resonance-US fusion imaging to focally ablate low-
to intermediate-grade tumors within the prostate by intravenous
delivery of injected nanotheranostics [270]. This pilot study has
been realized in 16 cases of patients diagnosed with intermediate-
risk localized prostate cancer. To examine the successive reduction
in tumor volume, the multiparametric MRI/US targeted fusion bi-
opsies and imaging are performed at various time points. Overall,
from this treatment, 94% successful outcomes of GSN-mediated
focal laser ablation are achieved in 15 of 16 patients, without any
significant difference in the International Prostate Symptom Score
or Sexual Health Inventory for Men [270].

Moreover, within a short period, the anticancer drug doxorubicin
loaded liposomal—based nanosized formulation has been recog-
nized as the first FDA-approved nanomedicine [278]. Doxorubicin
liposomal nanomedicine, known as Doxil, and about 30 liposomal or
lipid nanoparticle—based therapeutic agents are currently being
considered in clinical investigation [291]. The designed formulations
have been tested for the preclinical and clinical level of gastric,
breast, lung, ovarian, and other types of cancers. In the first clinical
trial, a larger size of Doxil (300—500 nm) has been applied on 32
patients suffering from liver cancer (see Fig. 12j). It is noted that the
Doxil formulation had a much smaller volume of distribution (4 L)

and slow clearance compared with the free doxorubicin (254 L) dose.
Subsequently, different formulations of liposomes have been tried
with various dose administration (30, 45, 60, and 90 mg/m?), and it
has been noticed that hematologic toxicity occurs at the doses of 60
and 90 mg/m?. Overall, today's pursuit is for developing tumor-
targeted localized therapies [5,292,293]. In this regard, a few stra-
tegies have been proposed: (1) Imaging agents can be selectively
blocked that materialize for overexpressed in malignant cells and (2)
Binding of targeting ligand precisely to a receptor that is articulated
on malignant cells. In brief, targeting ligand-drug conjugates can
deliver the therapeutic agent precisely into the cancer cells and
thereby preventing the unsolicited collateral damage to receptor
negative tissues/cells. Thus, specific ligands can be simply exploited
to convert non-specific cytotoxic drugs into localized tumor-specific
weapons. Low-molecular-weight peptide, oligopeptides, vitamins,
folic acid, monoclonal antibodies, oligosaccharides, and so on have
been proposed for receptor-binding tumor targeting [277,294—297].
For example, folic acid is a vitamin that is widely explored as a tar-
geting ligand for folate receptor—overexpressed cancer cells and also
has properties for the proliferation and maintenance of all cells
[277]. The folic acid—targeting ligand has significant impact on tar-
geted imaging at the in vitro and in vivo level and has also been
recognized as a potential targeting candidate for clinical examina-
tions recently.

9. Conclusion and perspectives
Characteristics of smart nanotheranostics have been discussed

in this review. We have covered a wide range of nanocontrast and
therapeutic agents and their advantages and disadvantages. A
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common trend of traditional diagnosis and therapies and their
critical concerns has been highlighted. Owing to expensive and
time-consuming complicated process, these traditional methods
are realized as outdated strategies that need a better replacement
for safe and effective cancer treatment. Even today, these conven-
tional diagnosis and treatments are limited with non-specific bio-
distribution of the injected contrast and therapeutics agents, poor
image resolution, rapid clearance, high-dose and multiple-dose
requirements, nephrotoxicity, and so on. Therefore, in the past few
years, nanobiotechnology-based nanomedicine has gained much
attention for engineering the multifunctional safe materials for
localized imaging and therapy of cancer. In fact, precise imaging of
diseased area with deep visualization and its potential treatment
describes the concept of localized therapy. Prolonged procedure of
diagnosis and treatment and high-dose requirement hamper the
advantages of stand-alone imaging and therapeutics. Therefore, the
concept of nanosized theranostics has been noticed as promising
for localized imaging and tumor reduction significantly along with
the complete biocompatibility of injected nanohybrids ‘nano-
medicines.’ In nanotheranostics, the fabricated materials have their
intrinsic properties for showing their multifunctionality in terms of

multimode imaging and therapy. However, integrating targeting
moieties, nanocontrast and therapeutic agents, without losing their
functionality has been considered a major challenge. Apart from
this, various approaches of nanomaterials for cancer treatment
have been addressed here. More importantly, individually, the
nanosized imaging and therapeutic agents have been successfully
tested at the preclinical level for cancer treatment and further
translated to clinical studies. Several new nanohybrids are
currently in the developing phase, indicating a new hope for better
diagnosis and treatment. In addition, we have covered the well-
studied site-specific tumor ablation/reduction by photothermal
and oxidative stress, without damaging the surrounding healthy
tissues. Different functional nanosystems and their advantages and
disadvantages for imaging and therapy have been explained in this
review. However, major concerns have been noticed in nano-
medicines for cancer diagnosis and safe treatment as follows: (1)
we are still in the premature stages of the preclinical and clinical
development of nanobiotechnology-based diagnosis and treat-
ment, (2) newly developed nanomedicines are still facing the
critical issues of localized imaging and complete elimination of
solid tumor, (3) non-specific biodistribution and long-term toxicity
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Table 4
Functional nanohybrids translated for clinical studies [1,2,57].

Type of
cancer

Nanohybrids

Status of the
clinical trial

Diagnostics and therapeutic
modality

Solid tumor

Solid tumor

Breast cancer

Breast cancer

Head and neck, and breast cancer
Prostate cancer

Leukemia

Hepatocellular carcinoma
Ovarian cancer

Ruthenium NPs (NKP-1339)
PEGylated gold nanoparticles
DOX@Liposomal

CdS/ZnS quantum dots
cRGDY-PEGCy5.5-C dots
Hafnium oxide NPs
Liposomal vincristine sulfate
Carboxydextran-coated SPIO
Poly-L-glutamic acid (poliglumex)
conjugate with paclitaxel
Aminosilane-coated SPIO
NIR active gold nanoshell

Pancreatic and prostate cancer
Head and neck cancer

Targeted therapy Phase [ (2012)

Targeted therapy
Targeted therapy
Diagnosis and therapy
Imaging

Targeted radiotherapy

Phase 1 (2012)
Phase II/I1I

Phase I started
Phase Il ongoing
Phase I & Il ongoing

Targeted therapy Approved
Imaging Approved
Therapy Phase III
Therapy Phase I
Photothermal therapy Phase 0

NIR = near-infrared; NP = nanoparticle.

of nanomedicines are being questioned, (4) the interaction be-
tween the solid tumor microenvironment and injected theranostics
agent is still unclear, (5) solid tumors are not significantly reduced
in newly proposed targeted therapies, (6) biodegradation and safe
clearance of the injected nanotheranostic probes are also being
questioned, which is an ongoing discussion in onconanomedicine.
Overall, addressing the site-selective targeting, short- and long-
term toxicity, and degradation ability of nanomaterials have
become a prior need before approaching for FDA approval of
nanosized theranostics and nanomedicine. Various examples of
clinical translational nanomaterials and their clinical status have
been discussed here.

Finally, it has been observed that various researchers and
research projects in onconanomedicine and targeted cancer
theranostics are promising and successful so far. The success and
efficacy of proposed nanotheranostics are determined from the
treatment outcomes and advantages provided to cancer patients.

Engineering of clinically relevant safe nanosized medicine would be
our expectation to continue the onconanomedicine research,
wherein nanodiagnostics and combination therapies play a major
role through localized nanotheranostics for better health care.
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