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Abstract Issues: In the area of regenerative medicine paradigm, theranostic nano-
medicine is emerging as a promising prototype. It has the advantage of both imag-
ing and therapeutic functions in the platform of personalized medicine. Recently
scientists have developed smart and hybrid forms of biological molecules, as carri-
ers for various applications in diagnostics and therapeutics.

Major Advances: We reviewed the advances on nanotheranostic materials.
Interactions among the particles in carrier payload have critical roles in the efficacy
of a drug in clinical translation. Cancer and other degenerative diseases have
remained indomitable problems for scientists and doctors due to their diverse nature
and etiology. Nanotheranostic agents are now emerging as prudent tools in the
detection of diseases, especially cancer. In recent years, the utilization of inorganic
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particles like iron oxide, gold, and carbon dots has gained massive attention in
imaging technologies like MRI, PET, and SPECT. However, cumulative informa-
tion on nanotheranostic agents, such as nature of materials, cell interaction, toxicity,
mode of action at cellular levels, and effects on microenvironmental milieu, are
required. Finally, we discuss the progress of different types of theranostic agents,
their modes of biodistribution, pharmacokinetic properties, and chemocellular
interactions.

Keywords Nanoceutical - Nanotheranostic - Biomaterial - Regenerative medicine

Abbreviations

CAT Computed axial tomography

CT Computed tomography

FITC Fluorescein isothiocyanate

FRET Fluorescence resonance energy transfer
HIFU High-intensity focused ultrasound
IMPT Intensity modulated proton therapy
IMXT Intensity modulated x-ray therapy

LHRH-PE40 Luteinizing hormone-releasing hormone-Pseudomonas aeruginosa
exotoxin 40

miRNA Micro-ribonucleic acid

MNP Magnetic nanoparticles

MRI Magnetic resonance Imaging

NP Nanoparticles

PET Positron emission tomography

SDT Sonodynamic therapy

SELEX Systematic evolution of ligands by exponential enrichment
(SELEX) method

SiRNA Small interfering ribonucleic acid

SPECT Single-photon emission computed tomography

10.1 Introduction

Nanotheranostic, an advanced branch of nanomedicine, is an amalgam of both diag-
nosis and therapeutics with fewer side effects, even for stubborn pathological condi-
tions (Kojima et al. 2015). The strategy of nanotheranostic involves simple biological
probing with easy monitoring of targeted drug delivery with more stability under
physiological conditions (Sahoo et al. 2014). Nanotechnology-based theranostics
approach is based on manipulating nanoparticles (NPs) (1-200 nm) by exploiting
their unique properties, such surface area, optical and magnetic properties, low
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melting point, and mechanical strength (Horikoshi and Serpone 2013). A theranos-
tic agent consists of a delivery platform that is conjugated either covalently or non-
covalently to a therapeutic drug, nucleic acid (miRNA, siRNA), therapeutic proteins,
or any other chemotherapeutic agent and signal emitters (with unique radioactive,
optical, or magnetic properties) (Baum and Kulkarni 2012). Gold, silver, and mag-
netic NPs, along with nanoshells and nanocages, are important nanotherapeutical
agents, that can be conjugated to either drugs, ligands, or antibodies to enhance the
delivery and therapy as well as diagnostic imaging of the stages of diseases (by
MRI, CT scan, CAT scan ultrasound, etc.) (Mody et al. 2010). The central principle
and multimodal application of different nanotheranostic agents is shown in Fig. 10.1.
It is clear from the model that the theranostic principle can be effectively utilized for
a variety of activities in the area of biomedical, bioengineering, and biotechnologi-
cal field. Therapeutic effectiveness of various drugs along with diagnostic agents
has emerged as a future disease management system. Centrally, therapeutic drug
and carriers are surface conjugated in a nanoform for various diagnostic purposes in
the area of biomedical and biotechnological applications by bioengineering designs.
Such an artificially designed drug for reliable diagnostic as well as therapeutic pur-
pose enhances the efficacy of drug, especially in the area of cancer treatment.
Cooperative joint delivery of drug and diagnostic agents could pave way to new
insights for management of various degenerative diseases (Tinwala and Waikar
2019). This intelligent and smart revolutionary synthetic chemistry along with engi-
neering tools is emerging as a powerful platform for modern diseases like cancer,
vascular disease, and diabetic. Intracellular biostability, biocompatibility, low toxic-
ity, and point of target are major advantages of this theranostic technology.
Therefore, it is gaining importance in modern medicine. Accordingly, many variet-
ies of nanocarriers for efficient conjugation have been developed in the recent past.
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Fig. 10.1 Theranostic technology in applied biological fields like Bioengineering, Biomedical
and Biotechnology
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Table 10.1 Promising theranostic agents and its targets

P. R. Sahoo et al.

Materials

Target cell/organ/tissue/
field

Reference

Transferrin-stabilized nanomagnets

Human fibroblast

Berry et al. (2004)

Magneto-dendrimers

Stem cells

Bulte et al. (2001)

CEA-maghemite conjugate

Colorectal cancer

Campas de Paz et al.
(2012)

Supermagnetic iron oxide

Schwann cell in CNS

Dunning et al. (2004)

Hybrid gadolinium oxide

Blood circulation pattern

Fluorescent magnetic nanoparticles

Mouse whole body

Kwon et al. (2008)

LHRH-magnetic iron oxide particles

Breast cancer cells

Leuschner et al. (2006)

Carbon nanotube

Mouse tumor

Liu et al. (2007)

Octavalent peptides

Tumor imagining

Luo et al. (2012)

Dextrin-coated monocrystalline iron
oxide

Tumor cells and
macrophages

Moore et al. (1997)

Biobarcoding system

Protein theranostic

Nam et al. (2003)

Magnetic nanoworms

Tumor imaging

Park et al. (2009)

Aptamer cell-SELEX

Liver cancer

Rong et al. (2016)

Magnetofection

Gene delivery

Scherer et al. (2002)

Silica-coated material

Lung cancer

Tartaj et al. (2001)

Magnetic nanoparticle

Central nervous system

Tomitaka et al. (2019)

Polyethylenimine and folic acid

Cancer biology

Zhang et al. (2002)

Graphene

Cancer biology

Orecchioni et al. (2015)

For example, protein-based NPs and synthesized nano-scale DNA three-dimensional
(3D) lattice structures (DNA origami) have been used as theranostic agents where
various chemotherapeutic drugs compartmentalized into the hollow spaces inside
the lattice can enhance the efficacy of controlled drug delivery and cancer biomark-
ers (Pinheiro et al. 2011). These nanotherapeutics can also be used for targeted
delivery approach with real monitoring of both drug release and biodistribution of
the NPs with facilitation of biomedical applications, such as efficient drug delivery
across the blood-brain barrier (Tomitaka et al. 2019), multimodal and combinatorial
therapies, and co-delivery of antisense oligonucleotides (siRNAs) (Muthu et al.
2014). The NPs can deliver a variety of targeting agents such as peptides, aptamers,
monoclonal antibodies, nucleic acids, chemotherapeutics, etc. to malignant cells
due to their surface modifications, enhanced permeability, and retention effect
(Baetke et al. 2015). Different and promising types of nanotherapeutic agents with
properties and target molecule are mentioned (Table 10.1).

10.2 Nomenclature of Nanotheranostic Material

Nomenclature of the nanotheranostic agents is principally based on the arrangement
and organization of different drugs, theranostic agents, and target molecules. All
three principal molecules are designed with the help of a linker molecule. There are
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several types of theranostic agents. Linear types have end positions attached to tar-
get agents. In polymeric and solid-phase types, diagnostic and theranostic agents
are immobilized with linker-assisted target agents. In dendrimer type theranostic
material, the endpoint of each branch is conjugated with detecting theranostic and
drug molecule. In lipid-based types like liposome- and noisome-based types,
micelle compounds are synchronized with diagnostic and theranostic materials.
Finally, gold or any metal and carbon-based theranostic agents are prepared by sim-
ple chemical reactions. Different base materials are used to synthesize each of these
types. Magnetic nanotheranostic is one important and widely used nanotherapeuti-
cal, due to its multipurpose functions such as hyperthermal killing of cancer cells,
efficient delivery of gene and conventional chemotherapies, as well as multimodal
imaging (PET, MRI, and optical imaging) (Singh and Sahoo 2014). Theranostic,
coupled with MRI, have various advantages like free ion scanning mode, a high
degree of tissue penetration with noninvasive detection mode. Due to their small
size, they not only offer a better tissue penetration and faster drug delivery but also
can provide a better platform for a diverse array of modifications with chemothera-
peutic and target moieties (Xie et al. 2011). They are now used as contrast agents in
MRI for diagnosis of cancer cells in soft tissue due to low cytotoxicity (Yoo et al.
2013). It has been shown that the superparamagnetic IONPs (SPIONs) loaded with
amphiphilic poly(styrene)-b-poly(acrylic acid)-Dox and folic acid can be used as
potential theranostic agents, as demonstrated in SkBr3 (human breast cancer cell)
and HCT116 (human colon cancer) cell lines for controlled release, targeting, and
anticancer activity (Patra et al. 2014).

Gold- and silver-based nanotheranostic materials are gaining importance in
recent years due to their wide application ability in cancer biology. Gold and silver
NPs are promising nanotheranostic agents due to their easy synthesis, bioconjuga-
tion, and surface modification (Boisselier and Astruc 2009). Use of gold nanopar-
ticles in the diagnostic arena has attained considerable interest in biomedical,
agricultural, and environmental including forensic investigation due to availability
of highly advanced optical method, namely, surface-enhanced Raman spectroscopy
(SERS). Due to laser excitation on gold-labeled drug surface in the SERS analysis,
it has a high degree of application in MRI technology in tumor identification. These
are used for multimodal imaging as well as to combat different types of cancer by
exploiting its efficacy on cancer cell local effect. Cancer cell drug target is focused
on the various intracellular cancer cell microenvironments like redox potential,
ROS status, and cellular pH. The schematic of gold-based plasmonic SERS system
is explained in Fig. 10.2.

Gold as plasmonic materials has been widely used for developing SERS active
sensors for intracellular targets. Due to its high specificity, enhanced cellular uptake,
and negligible cytotoxicity, gold nanobeacons (AuNBs) are used for specific mMRNA
silencing (Baptista 2014). Gold nanoclusters (AuNCs) conjugated with chitosan
biopolymer are used for imaging due to its properties like low photobleaching, neg-
ligible cytotoxicity, and enhanced Stokes-shifted emission (Sahoo et al. 2014).
Graphene-based nanotheranostic compounds are recently gaining much attention as
inert and nonevasive compounds. Due to their large surface area, colloidal stability,
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Fig. 10.2 The schematic of gold-based plasmonic SERS system

easy surface modification/functionalization), as well as superior electrical and
mechanical properties, graphene oxide-based nanomaterials provide significant
attention in image-guided molecular ablation of cancerous cells (Draz et al. 2014).
With a combination of AuNP, graphene-based nanotherapeutic agents are used in
phototherapy; GO-Au-IONP assemblies have been shown to have enhanced super-
paramagnetism, optical absorbance, and photothermal therapeutic potential (Shi
et al. 2013).

Due to distinct properties such as chemical and thermal stability, large surface
area, and pore volume, silica NPs (SiNPs) function as an important theranostic
agent which can be used for controlled, sequential, and multifunctional delivery
drugs to numerous cancer cell types (Draz et al. 2014). Silica nanorattles conjugated
with LHRH-PE40 luteinizing hormone-releasing hormone-Pseudomonas aerugi-
nosa exotoxin 40 and docyanine green fusion protein can be used as a nanother-
anostic agent in combination with docetaxel (antimitotic chemotherapeutic) for
treatment of cancers (Gao et al. 2013). These days, lipid- and polymer-based nano-
theranostic agents, mainly liposomes, dendrimers, and polymeric micelles, are
widely used as nanocarriers due to their easiness for surface modification, targeting
ability, thermal stability, and compatibility with various diagnostic applications (Gu
et al. 2007). They have a wide range of capability, such as cellular compatibilities,
biodegradability, rapid cellular uptake, and lack of toxicity (Schroeder et al. 2010).
Protein-based nanotheranostic agents are made up of proteins which can be used as
carriers for both therapeutic and diagnostic agents (Ng et al. 2011). These nano-
cages can be modified both internally such as loading with conjugable molecules
(drugs/aptamers/contrast agents) and externally by ligand conjugation (Lim et al.
2013, Kaur and others 2018). Other classes of protein-based nanotheranostic agents
such as nanoradiopeptides and fluorescent peptide nanoprobes (Luo et al. 2012)
also hold immense promise as major therapeutic agents for cancer treatment.
Targeted binding of ions and small molecule proteins with artificially synthesized
RNA or DNA oligonucleotides also called aptamers through a process called sys-
tematic evolution of ligands by exponential enrichment (SELEX) method (Tuerk
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and Gold 1990) have effectively been used in the cell-based theranostic procedure
(Kaur 2018). Due to the wide angle of advantage, SELEX has been widely used
against cancer cells, tumor-associated proteins, and parasites or virus-infected cells
(Rong and others 2016).

10.3 Biodistribution

Biodistribution of the nanotheranostic agents depends upon various factors such as
size and shapes. For example, hybrid gadolinium oxide NPs (Gado-6Si-NP) were
selectively taken up by circulatory blood pool and finally cleared by renal excretion
without accumulation in the liver. The effectiveness of this particular theranostic
agent is due to its small size of 3—4 nm diameter (Kryza et al. 2011). The strategy of
application of theranostic agents in cancer biology and detection method is depicted
in Fig. 10.3. The fate of cancer cell growth or death can be monitored through sur-
face modification of theranostic agents using smart, radiowave-emitting or fluores-
cent tags that are cancer cell-specific and capturing these signals either by
amplifier-assisted receiver or appropriate fluorescence detection instrument. In vivo
barriers like cell membrane and blood—brain barriers are major checkpoints for NP
movements in the body, by restricting the NP functions like their movement and
physical changes and inducing a negative host response (Belting et al. 2005). Blood,

Nano-theranostic material

Cellular delivery

Data Processor

—_—

Smart modification

Nanodrug

Fig. 10.3 The strategy of application of theranostic agents in cancer biology and detection method
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its components, anatomical restriction, and different barriers like blood-brain bar-
rier are important components through which the NPs have to pass. Effective traffic
control and distribution in the body are key strategical factors for the optical design
of NPs. Smart design is an important factor for the biodistribution of nanotheranos-
tic agents through the biological barriers and enabling them to reach their intended
destination (Ferrari 2005).

The physiochemical properties, which include morphology, hydrodynamic size,
charge, and other surface properties, are important factors for the biodistribution of
nanotheranostics (Dobrovolskaia et al. 2008). One of the important physicochemi-
cal properties is the hydrodynamic size. Hydrodynamic size helps in governing the
NP concentration in the blood vessel by affecting the mechanism of NP clearance
and dictates the permeability of NPs out of the vasculature (Chavanpatil et al. 2006).
It also affects the NP clearance from the circulation and also determines the passage
of it through the blood-brain barrier (Koo et al. 2006). Another aspect of the physi-
cochemical nature and action of a theranostic agent is governed by the shape
(Gratton et al. 2007). It was found that the anisotropically shaped NPs can avoid
bioelimination better than spherical NPs (Liu et al. 2007). Some scientists also have
shown that high aspect ratio shaped MNPs have also been evaluated in vivo and
found to have similarly enhanced blood circulation times over the spherical counter-
parts (Park et al. 2009). Surface properties also play important roles in the target
action of theranostic agent because major agents are targeted toward the cell recep-
tors. Surface properties such as NP charge and hydrophobicity can affect biodistri-
bution by minimizing or enhancing the interactions of NPs with the adaptive
immune system, plasma proteins, extracellular matrices, and nontargeted cells
(Davis 2002). These two factors mainly contribute to the short circulation time,
which may be due to the adsorption of plasma proteins recognized by the reticulo-
endothelial system [RES] (Chouly et al. 1996). Target designed specificity is yet
another important aspect to be considered during designing of the theranostic agent.
For both diagnostic imaging and drug-based therapies for selected tissues, the speci-
ficity of NPs is an important factor for successful nanotheranostics (Leuschner et al.
2006). NPs have been engineered to have an affinity for target tissues either through
passive, active, or magnetic targeting approaches. Passive targeting uses the prede-
termined physicochemical properties of a given NP to specifically migrate to a
given tissue region by the phenomenon known as enhanced permeation and reten-
tion (EPR) (Maeda et al. 2000). Toxicological preevaluation of NP is an important
aspect for end application (Madhyastha et al. 2019). In general, the toxicity of the
compound to be conjugated and NP should be considered before development of an
appropriate therapeutic agent. It mainly involves considering how the assembled NP
will interact with the body and how the independent components will affect the
body during biodegradation and liver processing (Lewinski et al. 2008). This leads
to a new branch that is nanotoxicology, which mainly deals with an understanding
of the body’s response to the NPs’ chemistry (Vega-Villa et al. 2008).
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10.4 Pharmacokinetics

Nanotheranostic agents undergo typical pharmacokinetics pathway in which they
are clustered within lysosome upon their intracellular internalization via endocyto-
sis. They are degraded into corresponding metal ions by an array of hydrolyzing
enzymes at low pH (Gupta et al. 2007). The size, charge, surface chemistry, and
route of delivery influence the circulation time and biodistribution pattern inside the
body. The spleen is the organ in which the large particles are usually sequestered
and small particles are rapidly removed through extravasations and renal clearance
upon intravenous injection. (Gupta and Gupta 2005). The final distribution of the
particles is observed more in the liver (80-90%), followed by spleen (5-8%), and
less in bone marrow (1-2%) which mainly depends upon the surface chemistry and
the mechanism of internalization (Unfried et al. 2007). NPs may interact with the
extracellular matrix components and the plasma cell membranes of macrophages,
endothelial cells, skin epithelium, and respiratory or gastrointestinal tracts during
their metabolism (Oberdorster et al. 2005). Upon inhalation, they are accumulated
in the brain, liver, spleen, and lungs demonstrating their ability to cross blood—brain
barrier (Kwon et al. 2008). Macrophage plays an important role in nanotheranostics
clearance. Nanotheranostic agents are challenged by macrophages of the RES upon
their administration in vivo (Duguet et al. 2006). Many mechanisms of the internal
organization such as phagocytosis (mediated by mannose, complement, Fcy, and
scavenger receptors), endocytosis (clathrin- and caveolin-mediated, fluid-phase),
and diffusion are involved for processing of nanotheranostics in macrophage
(Dobrovolskaia and McNeil 2007; Unfried et al. 2007). NPs can also get opsonized
by plasma proteins (e.g., albumin, apolipoprotein, immunoglobulins, complement,
fibrinogen), which promote their recognition and clearance by cells of RES (Park
et al. 2008). Iron oxide Nano Particle (IONP) binds to the plasma fibronectin, and
vitronectin changed from receptor-mediated to fluid-phase endocytosis (Moore
et al. 1997). The polyethylene glycol (PEG), which acts as amphiphilic polymeric
surfactants, significantly reduces MNP interactions with plasma proteins, minimiz-
ing their internalization and clearance by macrophages (Zhang et al. 2002). PEG
along with antitumor drug paclitaxel is being investigated in metastatic breast can-
cer xenograft mouse model and is found to be effective in reducing the tumor size
over the period of administration (Lee et al. 2018), since cancer cell has several
receptors for PEG and also free-circulating nature of PEG in bloodstream resulting
in remarkable antitumor efficacy.

10.5 Surface Functionalization

Figure 10.4 depicts the various types of nanotheranostic agents by smart designing
approach. Linear-type polymer and drugs are conjugated in an exponential manner.
Target capture agents are capped at each corner of the polymer edge. Other types are
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Fig. 10.4 The various types of nanotheranostic agents by smart designing approach

of solid-phase, dendrimer, liposome, and noisome types. In metal variety, gold or
silver metals are centrally placed. Surface functionalization, which increases the
surface activity and biocompatibility, is an important biological phenomenon
needed for all the nanotheranostics reagents (Medha et al. 2018). Biodegradable
polymers are safe and green materials that have been widely researched by many
investigators. Several formulations such as dextrans, chitosan, polyethylene glycol,
polysorbate, and polyaniline are used for increasing the surface functionalization of
nanotheranostics agents. Dextran is an important constituent for various formula-
tions such as Ferridex, Resovist, Combidex, and AMI-288/ferumoxytol (McCarthy
et al. 2007). Polyethylene glycol due to its hydrophilicity and low antigenicity pre-
vents plasma opsonization and uptake by macrophages and thus increasing the ther-
anostics circulation in vivo (Gupta and Curtis 2004). Its excellent film-forming,
emulsifying, and adhesive properties can be utilized in targeted drug delivery, tissue
engineering, and biosensor technology (Gupta et al. 2007). Lastly, chitosan pro-
vides a natural, biocompatible, cationic, and hydrophilic polymer coating, suitable
for affinity purification of proteins and magnetic bioseparation (Sasaki et al. 2008).
Inorganic metals are prosperous materials with proper surface modifications.
Different inorganic metals such as gold and silver are used for the surface function-
alization due to their high stability and low reactivity (Eustis and el-Sayed 2006),
but the dissimilarity of the two metallic surfaces causes a pitfall for use of the metal
as coating agent (Lu et al. 2007). Inorganic oxides like metals too play a governing
role in surface chemistry during synthesis and design of theranostic agents. Inorganic
oxides such as silica gel can be used as a coating agent due to their negative charge
and stability in aqueous solution. Silica-coated magnetic nanoparticles have longer
circulation times, and their hydrophilic negatively charged surface provides ideal
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anchorage for covalent binding to ligands, presenting an excellent platform for drug
delivery (Tartaj et al. 2001). In the area of cancer biology, use of dimercaptosuccinic
acid is found to be a suitable agent as a surface modifier. Among all cancer etiology,
colorectal cancer is considered as one of the major cancer types with huge mortality
worldwide. Cancer of the large intestine (colon, rectum, and anus) is a major cause
of morbidity. Nanosized maghemite material precoated with dimercaptosuccinic
acid and functionalized anticarcinoembryonic antigen (anti-CEA) is a potent tool in
the identification of colon cancer by MRI techniques (Campos da Paz et al. 2012).
This system also can be used as a theranostic agent for tumor cells and circulating
cancer cells. Surface charges during the synthesis of theranostic agent also play a
very important role (Wilhelm et al. 2003). Negatively charged sulfur containing
chelating agent prevents the theranostic materials from aggregation and interacts
strongly with the positively charged regions of the plasma membrane due to its
negative charge.

10.6 Application of Nanotheranostics

Nanotheranostics mainly aims at simultaneous diagnosis and therapy with a wide
range of functions in magnetic hyperthermia, drug/gene delivery, tissues engineer-
ing, and diagnostic imaging or biosensor platform. For example, the use of mag-
netic hyperthermia techniques comes under cancer therapy and relies on the
localized heating of tumors above 43°c for 30 min (Pankhurst et al. 2003). The
magnetic nanoparticle due to its magnetization property can heat the cancer cell,
and the selectivity toward tumors was considerably improved through the use of
silane coating and through functionalization approaches (Jordan et al. 1999). Tumor
growth can be arrested by using magnetic cationic liposomes with a combination
approach employing TNF-a gene and stress-inducible gad 153 promoters (Ito et al.
2001). Magnetic resonance imaging is an important diagnostic technique for living
tissues in which magnetic NPs are used as contrast agents to identify lymph node
metastases and solid tumor (Hogemann et al. 2000). Macrophage-specific MNP
labeling protocols are used to image inflammatory pathologies, including athero-
sclerosis, multiple sclerosis, and rheumatoid arthritis (Berry et al. 2004). MNP-
labeled stem cells and neuroprotective glia cells can be guided by in vivo cell
tracking of CNS regeneration, while glioma cells are visualized by FITC-conjugated
MNPs (Dunning et al. 2004). Theranostic techniques are used to diagnose the rate
of bioseparation in vivo (Jian and Rosenberg 2005). Healthy kidney function is
evaluated by the rate of glomerular filtration rate. Insulin clearance is the most
updated and standard marker for evaluating the glomerular filtrate rate. Alternately,
radiolabeled chelating agents like ethylenediaminetetraacetic acid, 'Cr-EDTA,;
diethylenetriamine pentaacetic acid, 99mTc-DTPA; and radio-iothalamate,
125I-iothalame, are also used in medical pathology. All of these compounds are
sensitive to kidney cells and are not cost-effective. Recently iohexol, a
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nonradiolabeled, nonionic, low osmolar iodinated agent with very high x-ray con-
trast properties has shown efficacy as theranostic molecule (Berg et al. 2011).

Drug delivery system is a major concern nowadays for appropriate treatment of
different chronic diseases, including various cancers. Current chemotherapy drugs
attack both normal as well as cancer cells in the tissue, thus becoming a cause of
concern with life-threatening side effects. Targeted drug delivery is a novel approach
to overcome this lacuna. This can be done by surface functionalization of different
NPs. MNP-conjugated drugs have been applied experimentally for cancer therapy
(Duguet et al. 2006). Neurological diseases can be treated with these NP-based
drugs and gene delivery system, which can cross the blood—brain barriers (Kreuter
2001). However, for efficient drug delivery, the NPs’ surface chemistry, hydrophi-
licity, and the size are major factors to be considered for the rapid clearance by RES
(Torchilin and Trubetskoy 1995). Dual-modality imaging system is comparatively
safe, simple, and noninvasive diagnostic and imaging system. But lower image
quality is the caveat in this system. Recently magnetic transfection and surface
modification of target drug are being used in regenerative medicine. Magnetic trans-
fection is an important application in which NPs are employed as effective transfec-
tion system for delivering DNA into the cells. Mainly the MNPs are used for gene
introduction to permissive and nonpermissive cells under external magnetic field
(Scherer et al. 2002). Effective delivery of antisense oligonucleotide is done through
the magnetic field in endothelial cells. (Krotz et al. 2003).

Another hallmark application of theranostic technology is in tissue engineering.
During the artificial tissue grafting and developmental studies, varieties of theranos-
tic agents are being used. It is one important application of nanotherapeutics where
new tissues are regenerated by using stem cell replacement therapy for cell labeling,
sorting, monitoring, and engraftment to the diseased tissue (Bulte et al. 2001). The
tissue surfaces are joined under high temperature by using MNPs typically accom-
panied by protein denaturation followed by repolymerization of adjacent protein
chains (Gupta et al. 2007). Keratinocyte sheet-like 3-D constructs have been devel-
oped by harvesting MNPs, where self-assembled magnetic nanowire arrays are used
(Ito et al. 2005). Another important metal which has been used in theranostic biol-
ogy is silver. Nanosilver is a major source of antibacterial material because of wide
spectrum activity, especially in the wound-healing scenario. Silver, having highest
physicochemical properties, very high mechanical strength, and good electrical
conductivity, is reported as good sensing as well as imaging agent and is a source of
interest for medical and biotechnological research. Silver decahedral NP (Ag10NP)
conjugated with fluorophore aptamers (Sgc8-FITC) was found to be the most suit-
able sensing agent in FRET system (Li et al. 2015). Here target molecule is mem-
brane protein tyrosine kinases-7 (PKT-7) in CCRF-CEM T-cell line. Advantage of
using this theranostic agent is to enhance the imaging quality of T cell by disturbing
the FERT effect in real-time system.
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10.7 Toxicity of Nanotheranostics

Although the theranostic agents display huge advantages, they also exhibit different
types of drawbacks like cell stress, cell senescence, and untimely cell death. One of
the major concerns of cell stress is oxidative stress. Oxidative stress in the cancer
cell is required to cure the cancer; however, the same action in a normal cell can be
precancerous. Therefore, fine-tuning between cancer and normal cell is subject for
research (Madhyastha et al. 2019). Theranostic agents such as magnetic nanoparti-
cles (MNPs) induce redox cycling and catalytic chemistry, which causes the evolu-
tion of reactive oxygen species (ROS), leading to oxidative stress (Borm et al.
2006). ROS induces MMP activity in the nervous system leading to increased
blood—brain barrier permeability and neuronal damage (Liu et al. 2007). Application
of the nanotheranostics is safe, but an imbalance in the homeostasis gives toxic
implications to many organs. The individual ions either iron, gold, or graphene may
produce excessive free radicals (Madhyastha et al. 2019) in the brain and could be
associated with multiple neurodegenerative disorders, including multiple sclerosis
and Alzheimer’s and Parkinson’s diseases (Doraiswamy and Finefrock 2004).
Toxicity of the nanotheranostics showed a large effect from cytotoxicity in vitro to
transient and acute toxicity to unremarkable changes in vivo (Ma et al. 2008). The
most toxic effect showed by MNP is accumulation in tissues, but with unremarkable
histological changes in vital organs, concluding safety of the respective formula-
tions. Ultrasound (US) theranostic-based biomedical technology is used frequently
in the clinics as HIFU and SDT method. In both technologies, knowledge of mate-
rial chemistry plays a key factor. In this technology core-to-shell design by solid to
gas (perfluorocarbon) phase, interaction is an important factor to be considered.
However, biosafety consideration is yet to evolve in this field. Platinum-conjugated
drugs like, cisplatin, carboplatin, and oxaliplatin are used extensively in cancer biol-
ogy. However, these drugs cause extensive damage to the liver and kidney. In recent
years, development of Pt-based nanodrugs has seen progress. A major limitation of
this nanodrug is toxicity in off-target organ and delay in rapid clearance by the cells
of the reticuloendothelial system and mononuclear phagocyte system. Use of gra-
phene in cancer theranostic treatment is still under development but rapidly growing
because of its promising results

10.8 Conclusion

Considering the above importance of NPs in both diagnosis and therapeutics, it can
be concluded that this is an advanced branch of nanotechnology with inimitable
characteristics such as highly specific, targeted, blood—brain barrier crossing, drug
delivery, imaging platform, unique transfection, labeling, bioseparation, as well as
analytical and tissue engineering approaches. Yet, some challenges exist, such as
nanotoxicity, environmental hazards, and target mismatching, which need to be



330 P. R. Sahoo et al.

explored in the nearest future. Theranostic NP technology has drawn considerable
interest in the cancer field, but application potential is hampered due to its toxicity
property. Optical and smart design strategy to control the size and shape is another
challenge in the application. Size of a particle plays an important role in the poten-
tial activity in vivo. Acceptable and adaptable size of a nanotheranostic drug for
cancer cure is of 20 nm, but this size is not suitable or ideal for diagnosis due to poor
imaging quality. Importantly posttreatment clearance from the cell is a major area
for future research as the nanoresiduals may be a potential threat to cell architecture.
More insight and research thoughts are also required on the concept of NP recycling
from the cell as a novel challenge in biomedical research.
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