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Abstract

Since the emergence of the concept of ther-
anostics in 1998, the field has constantly 
evolved. With a unique amalgamation of 
diagnostic and therapeutic applications, ther-
anostics has gained profound attention from 
researchers worldwide. More recently, 
researchers have attempted to augment the 
paradigm with the concept of “nanotheranos-
tics,” which offers multimodal medical and 
biomedical applications. “Nanotheranostics” 
are specially devised drug delivery systems/
nanoformulations that comprise nanocarriers/
nanoparticles for theranostics applications. 
“Nanotheranostics” confers special attributes 
to theranostics, thereby potentiating their effi-
cacy. Spurred on by advances in material 
chemistry and nanoformulations, scientists 
have exploited distinctive electrical, magnetic 
and optical properties of several types of 
nanocarriers for theranostics applications. 
The present chapter discusses the nanocarri-
ers of several types for diverse applications in 
disease state monitoring, treatment monitor-

ing, personalized medicine, image-guided 
drug delivery, molecular imaging and phar-
macogenomics. Besides offering the above-
stated advantages, nanotheranostics can offer 
a safer and more efficient therapy to the 
patients, obviating redundant treatment and 
saving overall cost of therapy. Other aspects 
such as biological processes governing ther-
anostics fundamentals, their applications in 
several diseases and medical conditions, reg-
ulatory aspects, commercial aspects and 
future perspectives have been discussed in the 
chapter.
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4.1  Introduction

The term “theranostics” was coined in 1998 by 
John Funkhouser to address the integrated sci-
ence of therapy and diagnosis (Idée et al. 2013). 
Hence, theranostics can be ascribed as a multidis-
ciplinary therapeutic paradigm, utilizing innu-
merable imaging, therapeutic and targeting 
agents, enabling real-time diagnosis and thera-
peutic drug monitoring in the future of personal-
ized medicine.

Although the term theranostics was coined in 
late twentieth century, the use of theranostic for-
mulations dates back to 1940s. Thus, the concept 
of theranostics is not entirely new to the field of 
medicine. It started with the use of radionuclides 
in diagnosis as well as in therapy. The use of 
radioactive iodine (I-131)-based formulation was 
first reported in 1941 by Saul Hertz for diagnosis 
and treatment of hyperthyroidism. In 1946, radio-
active iodine was first ever to be reported for 
metastatic thyroid cancer therapy. Moreover, the 
biochemical moiety “Haem” was utilized in diag-
nostic imaging for cancer in the 1920s. Another 
biochemical moiety “phthalocyanine” was also 
used in positron emission-based diagnosis around 
the 1950s, whereas “porphyrin” was used as a 
contrast agent in magnetic resonance imaging 
around the 1980s. Since its inception till date, 
theranostics has been fostering remarkable tai-
lored and targeted therapy.

Theranostics is most widely employed in the 
treatment of the majority of inflammatory dis-
eases such as cardiovascular disease, neurode-
generative disease and cancer. Neurodegenerative 
diseases such as Alzheimer’s, Parkinson’s, epi-
lepsy and Huntington’s have been investigated 
for treatment with theranostics. The majority of 
cardiovascular diseases such as atherosclerosis, 
ischemia, hypertension, myocardial infarction 
and thromboembolism are potentially fatal and 
require precise treatment measures offered by 
theranostics nanomedicine. Further, life- 
threatening diseases such as cancer (breast, lung, 
brain, pancreatic and colon), multiple sclerosis 
and some of the autoimmune diseases are also 
reported to have been investigated for the employ-
ment of theranostics. The global theranostics 

market size was estimated at USD 6.22 billion in 
2017 and is anticipated to gain significant trac-
tion over the coming years. Theranostic nano-
medicine has offered promising and potential 
medical intervention by taking advantage of the 
high-payload nanoconstructs for both imaging 
and therapeutic function biomedicine (Bulte and 
Modo 2008). The advantages and disadvantages 
of theranostic delivery systems have been sche-
matized in Fig. 4.1.

4.2  Fundamentals Governing 
Nanotheranostics

The use of nanotechnology in the field of medi-
cine is emerging and expanding, since advances 
in scientific research spurred in the late twentieth 
century. Numerous examples of nanomedicines 
exist that have undergone thorough and extensive 
research from preclinical stage to clinical stage. 
Moreover, various nanocarrier-based systems 
have been extensively investigated such as lipo-
somes, micelles, dendrimers and inorganic 
nanoparticles. These systems can be modified 
into less toxic, multifunctional and biocompatible 
nanoscaled vectors that have an enhanced biodis-
tribution. In contrast to small molecules, ther-
anostics nanomaterials render paramount 
potential in enhancing site-specific delivery of 
pharmacological agents. Moreover, multifunc-
tionality of these theranostics agents depicts supe-
rior therapeutic efficiency and reduced adverse 
effects. Such diversified theranostics nanoplat-
forms are fabricated by combination of drugs and 
contrast agents for simultaneous imaging and 
therapy intended for active as well as passive tar-
geted and controlled drug delivery. Engineering 
multifunctional theranostic nanoparticles present 
numerous challenges as mentioned below:

 1. Limited choice of materials with inherent 
imaging and therapeutic properties which can 
be employed for designing such systems.

 2. Inherent toxicity of individual components.
 3. Lack of adequate storage and loading capacity 

as well as insufficient or inconsistent in vivo 
stability.
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 4. Complex fabrication process posing practical 
difficulties for industrial scalability and a high 
degree of variation in batch production.

 5. Manufacturing cost incurred is often high.
 6. Regulatory obstacles which impede clinical 

translation, development and progress.

Designing an ideal theranostics formulation 
requires a thorough screening and careful evalua-
tion of drug and excipients. For example, a con-
trast agent for imaging in ideal conditions 
functions via faster binding to the target tissue 
and rapid systemic clearance, whereas drug 
delivery approach requires prolonged systemic 
circulation to achieve maximum uptake by target 
tissue. Similarly, physical characteristics and 
parameters of drug-loaded cargos (e.g. lipophilic 
drugs, lipophobic image contrast agent and poly-
ionic nucleic acids) are subjected to considerable 
variation in order to achieve effective and opti-
mum loading capacities by using different mate-
rials and strategies. Thus, it becomes difficult for 
any approach to provide a generalized theranos-

tics platform for diverse applications. In order to 
integrate theranostics with nanotechnology, one 
must have a clear understanding of nanoscaled 
materials and their inherent physicochemical 
properties.

Nanoparticles can be defined as nanostruc-
tured constructs with particle size range of 10 nm 
to few hundred nanometres. In comparison with 
atoms or molecules, the nanoparticulate system 
possesses a significantly high surface area-to- 
volume ratio. Nanoparticulate systems are 
designed in particular fashion to enhance its mag-
netic, optical, electrical and immunological prop-
erties. Moreover, the technological advancements 
have enabled us to harness and alter their poten-
tial for utilization and widespread applications. 
These systems can be modulated into different 
sizes and shapes, surfaces, porosity and polarity. 
Theranostics nanoplatforms have been integrated 
with several stimuli-responsive agents, thereby 
enhancing their theranostics potential and pro-
viding a more accurate diagnosis as well as 
higher therapeutic efficiency and precision. 

Fig. 4.1 Advantages and disadvantages offered by theranostic delivery systems
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The  stimulus can be classified as endogenous 
(e.g. pH, enzymes, hypoxia and redox) and exog-
enous (e.g. temperature, light, ultrasound, mag-
netic field). Furthermore, enzymes possessing 
inherent characteristics such as a high degree of 
relevance in several diseases in presence of pre-
cise and specific substrate selectivity and high 
catalytic activity are more likely and widely 
employed candidates for designing stimuli-
responsive theranostics. Mechanism of catalysis 
mainly involves redox reaction with substrate 
leading to bond formation or cleavage. Numerous 
research studies have depicted widespread use of 
proteases, kinases, oxidoreductases and phospha-
tases in fabrication of stimuli-responsive sys-
tems. As a representative endogenous stimulus, 
enzymes are involved in a variety of key physio-
logical processes and exhibit altered expression 
levels in many disease-associated microenviron-
ments. For example, several enzymes such as 
proteases and phosphatases present high expres-
sion levels, which have been considered as bio-
markers for the diagnosis and treatment of cancer, 
inflammation and neurodegeneration. A few 
examples of popularized commercial theranos-
tics are listed in Table 4.1.

The following sections focus on various nano- 
vectors, their applications in theranostics as well 
as their toxicity, pharmacokinetics, characteris-
tics and compositions.

4.3  “Nanotheranostics”: 
Nanomaterials 
for Theranostics Applications

4.3.1  Biomedical Imaging 
and Therapeutic Payloads

Imaging can provide valuable information about 
tissue composition, morphology and function, as 
well as quantitative descriptions of many funda-
mental biological processes. In recent years, bio-
medical imaging science has matured into a 
distinct and coherent set of ideas and concepts, 
and it has attained a position of central impor-
tance in medical research. In particular, numer-
ous studies have been published on how imaging 
is evolving from qualitative visual depictions of 
anatomy into a science that contributes quantita-
tive measurements of a variety of biomedical pro-
cesses. Biomedical imaging is a useful tool for 
measuring the biodistribution, targeting and 
elimination of nanostructures in real time. This is 
especially needed at the whole organism level. In 
order to provide sufficient imaging contrast, 
 biomedical nanodevices can be designed with 
reporting functions or moieties that provide a sig-
nal in conventional medical imaging modalities. 
These include gamma scintigraphy, magnetic 
resonance imaging (MRI), computed tomogra-
phy (CT), positron emission tomography (PET) 

Table 4.1 Commercial theranostic products

Brand name Agent/system employed Intent Reference
Resovist® Superparamagnetic iron oxide 

nanoparticles
MRI contrast agent in patients with 
liver diseases such as cirrhosis and 
hepatocellular carcinoma

Reimer and Balzer 
(2003)

Supravist® Ultrasmall superparamagnetic 
iron oxide nanoparticles

MRI contrast agent in patients with 
multiple sclerosis and nephrogenic 
systemic fibrosis

Neuwelt et al. (2009), 
Engberink et al. (2010)

Neotect® Technitium 99 m Depreotide Used in oncotherapy for diagnosis 
and treatment.

Weiner and Thakur 
(2005)

Zevalin® Yttrium-90 labelled 
ibritumomab and rituximab

Radioimmunotherapy for non-
Hodgkin’s lymphoma

Goldsmith (2010)

Bexxar® Iodine-131 labelled 
tositumomab

Folatescan™ Technetium-99 m etarfolatide 
or Technetium-99 m EC20

Treatment of rheumatoid arthritis, 
metastatic renal cell carcinoma and 
ovarian carcinoma

Naveed et al. (2004), 
Matteson et al. (2009), 
Marchetti et al. (2014)

Lipiodol® I-131 poppy seed oil Radiocontrast agent in 
hepatocellular carcinoma

Dumortier et al. (2014), 
Gallicchio et al. (2016)
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and ultrasound (US) imaging. Additionally, digi-
tal radiography such as X-ray imaging has pro-
duced a spectrum of methods for interrogating 
intact 3D structure of the body non-invasively. A 
variety of new microscopies have also flourished, 
making use of novel phenomena such as non- 
linear photon interactions and the sensing of 
atomic forces at surfaces. Of these, the functional 
imaging modalities are particularly useful given 
that nanomedicine targets processes at the cellu-
lar and molecular level.

Biomedical imaging involves the complex 
chain of acquiring, processing and visualizing 
structural or functional images of living objects or 
systems, including extraction and processing of 
image-related information. Several techniques are 
utilized for optical imaging such as near- infrared 
(NIR) fluorescence imaging (Hong et al. 2017; Hu 
et al. 2017), photodynamic therapy (Näkki et al. 
2017) and photoacoustic and photothermal imag-
ing therapy (Rong et  al. 2015). Ultrasound-
assisted imaging and therapy is another effective 
non-invasive method that can be utilized in 
designing potential theranostics (Emi et al. 2019). 
Moreover, nuclear chemistry is an effective and 
useful tool for imaging and therapy by utilizing 
radiolabeled nanoparticles. With the help of radio 
imaging techniques, these radiolabeled nanopar-
ticles can be successfully employed for theranos-
tics in cancer and other therapeutic applications 
(Liu et  al. 2015; Dai et  al. 2018). Theranostics 
nanomaterials are designed based on their physi-
cal and chemical properties such as optical, mag-
netic, thermal and radioactive properties.

In contrast to the conventional approach of 
using a single imaging tool, recently researchers 
are adopting multiple imaging approaches. The 
multi-imaging approach or multimodal approach 
has been extensively investigated in preclinical 
and clinical research. Few examples of multi-
modal approach are the use of a combination of 
imaging techniques such as MRI/PET, MRI/CT, 
MRI/PET/US, etc. Recently discovered photo-
acoustic imaging is yet another multimodal 
approach which serves as theranostics platform. 
This technique especially offers high-level preci-
sion and accuracy in imaging of endophytic 
tumours in contrast with other single modal 
imaging. Photoacoustic imaging possesses an 

ability to convert light signals into ultrasound, to 
yield a high contrast optical image and ultrasonic 
spatial resolution with deep tissue penetration in 
a single modality. Photoacoustic imaging has a 
wide range of applications in multiscale and 
multi-contrast visualization from cells to organs 
and anatomy to physiology. Moreover, innova-
tions in photoacoustic techniques have rendered 
even better and advanced imaging, such as photo-
acoustic microscopy, photoactivated localization 
microscopy, stochastic optical reconstruction 
microscopy, confocal microscopy, photoacoustic 
endoscopy and CT (Liu et al. 2016).

The therapeutic payload includes a wide array 
of bioactives like the small molecules, peptides 
and proteins which are loaded with a carrier sys-
tem for enhancing their efficiency through tar-
geted delivery. Several such carrier systems are 
employed in preclinical and clinical research for 
enhancement in drug delivery. Inorganic nano-
structures offer unique and desirable physico-
chemical properties and have been employed as 
molecular payloads for peptide delivery (Bertucci 
et al. 2018). Magnetic nanoconstructs have been 
employed as multifunctional therapeutic pay-
loads for all in one cancer therapy (immune, ther-
mal, chemo and radiotherapy). Such magnificent 
multifunctional payloads could address and over-
come the challenges offered by conventional can-
cer therapy leading towards a new paradigm in 
modern cancer theranostics (Datta et  al. 2016). 
Similarly, porous silicon nanoconstructs depict 
excellent materialistic properties and advanced 
theranostics applications for incorporation of 
therapeutic payloads (Kumeria et  al. 2017). 
Furthermore, Janus-like nanoparticles have been 
synthesized and investigated in cancer treatment. 
These nanoparticles comprised of magnetite and 
gold nanohybrids exhibiting dual nature and were 
found superior as compared to pre-existing 
 commercial MRI contrast agents (Efremova et al. 
2018). Other than inorganic nanomaterials, sev-
eral other bio-inspired materials are also under 
investigation as potential theranostics agents. 
Antibody-drug conjugates have been employed 
as potential tumour cell-specific targeted pay-
loads in cancer theranostics (Miller et al. 2018). 
Newer therapeutic payloads have been designed 
using non-pathogenic E. coli. The novel designs 
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have shown high efficiency and excellent bio-
compatibility as drug delivery systems (González- 
Prieto and Lesser 2018). Moreover, RBCs have 
also been utilized as multifunctional bio-inspired 
cargos as potential cancer theranostics agent. The 
multifunctionality and high payload capability of 
RBC can render multimodal cancer therapy. 
Additionally, these cargos have low off-target 
toxicity and excellent biocompatibility and safety 
in simultaneous monitoring and treatment (Wu 
et al. 2015). Bio-inspired nanomaterials will con-
tinue to gain popularity and significance because 
of their advantages in circumventing the biologi-
cal barriers, which are huge hurdles for use of 
conventional nanovectors in drug delivery 
(Evangelopoulos et  al. 2018). The role of ther-
anostics in cancer therapy has been exemplified 
in Fig. 4.2.

4.3.2  Nanotheranostics Carriers

Various nanocarriers that have been employed for 
diagnostic and therapeutic application are dis-
cussed in the present section.

4.3.2.1  Polymeric Nanocarriers

Polymeric Micelles
Polymeric micelles are composed of units of nat-
ural or synthetic polymers which condense and 
precipitate under suitable process conditions to 

give nanospheres or nanoparticles. Upponi et al. 
(2018) described a polymeric nanoformulation 
comprising of PEG and phosphatidylethanol-
amine for diagnosis and treatment of cancer. The 
prepared micellar formulation was utilized for 
the loading of hydrophobic and water-insoluble 
paclitaxel and superparamagnetic iron oxide 
nanoparticles. The former is a functional chemo-
therapeutic agent, and the latter one is used as an 
MRI contrast agent. These polymeric micelles 
were found to be stable with minimum interac-
tion between the loaded therapeutic and diagnos-
tic agents. Moreover, the developed formulation 
depicted significant retention in magnetic proper-
ties as well as enhanced tumour cell apoptosis in 
murine breast cancer and melanoma as compared 
to single-agent-loaded micelles. Furthermore, the 
development of such nanotheranostics displays a 
high degree of synergism, enabling it to be more 
efficient in treatment as well as real-time analysis 
in contrast to conventional ex  vivo diagnosis. 
Such nanosystems can be further integrated 
with targeted therapies such as multimodal pho-
todynamic therapy, magnetic hyperthermia and 
radiotherapy.

Polymer-Drug Conjugates
Nagel et  al. (2018) have described stimuli- 
responsive cleavable motif-based nanoscaled 
polymer-drug conjugates for cancer therapy. 
The authors have developed a novel theranostics 
system triggered by cell-mediated stimuli. The 

Fig. 4.2 Role of theranostics in cancer therapy
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system was integrated by embedding two differ-
ent linker molecules in dendritic polyglycerol 
matrix, i.e. a pH-responsive and enzyme-respon-
sive linker for aldoxorubicin and doxorubicin, 
respectively. Moreover, the prodrug was conju-
gated with the thiol functional group intended for 
interaction with the cysteine residue of albumin 
to prolong its circulation and controlled drug 
release in the tumour microenvironment. The 
developed system was activated optically at the 
excitation wavelength of 490  nm, resulting in 
emissions at 590  nm (for doxorubicin) and 
670 nm (for indidocarbocyanine). Both drug and 
dye conjugated to polymer depict inherent fluo-
rophoric properties. In order to enhance the effi-
ciency of the system, the donor fluorophore 
(doxorubicin) and acceptor fluorophore (indido-
carbocyanine) were spaced 10  nm apart. 
Subsequently, the stimuli- responsive linker was 
selected in a particular manner to render drug 
conjugation and attachment for quencher fluoro-
phore in close proximity to the drug. Furthermore, 
in vitro release studies of doxorubicin carried out 
using fluorescence microscopy and flow cytome-
try depicted enhanced and targeted drug release 
as compared to free drug. The authors reported 
superior performance of the pH-responsive sys-
tem vs. enzyme-responsive one, due to the occur-
rence of premature drug release when acted upon 
by extracellular proteases. This had a pronounced 
effect on the treatment of a multidrug-resistant 
cell line where an intracellular drug release is 
crucial to overcome the resistance mechanisms. 
Therefore, the developed system was successful 
in the treatment of cancer and provided targeted 
and controlled drug release in response to tumour 
microenvironment making it a potential ther-
anostics candidate for future cancer therapy.

Polymeric Nanogel
Polymeric nanogel is a broader term to describe 
the novel delivery system which incorporates 
polymers via cross-linking into a nanogel  system. 
Gyawali et  al. (2018) described a novel biode-
gradable polymeric nanogel-loaded doxorubicin 
for anticancer treatment. The novel synthesized 
polymer possessed inherent photostability and 
fluorescent properties. The theranostics potential 

of the prepared polymer was enhanced by surface 
functionalization with cyclic arginine-glycine-
aspartic acid (cRGD) peptide for targeted and 
pH-dependent release in the tumour microenvi-
ronment. The authors synthesized photocross-
linkable photoluminescent polymer by using 
biodegradable monomers such as citric acid, 
PEG, L-cysteine and maleic acid. Moreover, the 
prepared nanogels displayed excellent biological 
stability, biocompatibility along with strong fluo-
rescent properties and enhanced uptake by the 
tumour cell. Fluorescence- guided imaging 
depicted cytoplasmic accumulation of doxorubi-
cin in prostate cancer cells which resulted in aug-
mented cell death. In conclusion, this novel 
synthesized polymer can be used as a potential 
theranostics platform for simultaneous tumour 
diagnosis and real-time pH-responsive drug 
monitoring. Chambre et al. (2018) described the 
synthesis of a novel polymeric nanogel obtained 
via cross-linking of reactive copolymers. 
Furthermore, drug conjugation was achieved via 
carbamate linkage and embedded in thiol-
maleimide-functionalized PEG. The cRGD pep-
tide was employed for surface functionalization 
of developed nanogel intended for targeted deliv-
ery of doxorubicin. The developed polymeric 
nanogel, which is comprised of a self- assembled 
cross-linked copolymer, was thus intended for 
thermo-responsive anticancer therapy. The func-
tionalized maleimide-thiol PEG was responsible 
for the cross-linking ability of the nanogel. 
Succinimidyl-dicarbonate was employed to ren-
der carbonate functionalized doxorubicin-conju-
gated polymer, responsible for forming an acid 
labile carbamate linkage in response to drug 
release in the tumour microenvironment. 
Furthermore, the Cy5 dye was added to the nano-
gel system to render fluorescence imaging prop-
erties. In conclusion, the developed system 
depicted enhanced drug release and superior 
uptake as well as cytotoxicity in L929 fibroblast 
and MDA-MB-231 breast cancer cells in vitro. It 
can be envisioned that facile fabrication and mul-
tifunctionalization of these reactive nanogels 
offer a modular platform that can be configured 
as a theranostics agent for addressing challenges 
in conventional therapy of various diseases.

4 Theranostics Nanoformulations: Merging Diagnostics and Nanotherapeutics



80

4.3.2.2  Lipid Nanocarriers

Liposomes
Liposomes are bilayered phospholipid vesicles 
that are formed spontaneously in the presence of 
aqueous solutions. Zhang et al. (2018) described 
a liposomal system loaded with hypoxia- activated 
chemotherapeutic prodrug combined with photo-
dynamic therapy for anticancer treatment. The 
authors demonstrated the fabrication of 
2- nitroimidazole-conjugated PEG-based ther-
anostic liposome. Tirapazamine prodrug, lipo-
philic chlorine 6 and miRNA 155 as gene probe 
were encapsulated in the developed liposomal 
system. The gene probe was labelled with a fluo-
rescent dye and quencher, which in the absence 
of target shows quenching of fluorescence by the 
dye in close proximity and upon target hybridiza-
tion resulted into the separation of dye producing 
fluorescence imaging. Chlorine 6 renders photo-
sensitizer functionality which was activated upon 
laser irradiation at 670  nm producing photody-
namic therapy and severe hypoxia. This triggered 
the liposome disassembly, thereby activating tira-
pazamine prodrug to produce a cytotoxic anti-
cancer effect. Encapsulated gene probe yielded 
enhanced fluorescent imaging along with differ-
entiating cancer cell uptake vs. normal cells. The 
developed liposomes depicted enhanced in vitro 
and in  vivo performance by significantly 
improved antitumor activity compared to conven-
tional PDT. Thus, fabrication of nano-liposomal 
theranostics platform may contribute to the 
design of a hypoxia-responsive multifunctional 
system for tumour diagnosis and hypoxia- 
activated chemotherapy combined with PDT for 
synergetic therapy, holding great potential for 
future cancer therapy.

Solid Lipid Nanoparticle (SLN)
Shen et  al. (2019) described a combination of 
magnetic hyperthermia and chemotherapy-based 
theranostics nanocarriers for oral anticancer 
treatment. The authors demonstrated the fabrica-
tion of doxorubicin and superparamagnetic iron 
oxide nanoparticle-loaded SLN theranostic for 
colon targeted delivery. These SLNs were further 
functionalized using folic acid/TPGS and 

octadecanol- modified dextran via layer-by-layer 
encapsulation. This developed system provided 
hyperthermic action of superparamagnetic iron 
oxide nanoparticles and chemotherapeutic effect 
of doxorubicin upon activation by the high- 
frequency magnetic field in orthotopic colon can-
cer. Folic acid-decorated doxorubicin and 
superparamagnetic iron oxide nanoparticle- 
loaded SLN encapsulated in dextran shell dem-
onstrated successful evasion from systemic 
uptake, thereby enhancing local delivery in the 
colon. Employing folic acid/TPGS on to SLN 
allowed selective uptake by folic acid overex-
pressed cancer cells. The literature review 
revealed the presence of folate receptors in the 
small intestine as well, thereby limiting the colon 
targeting action. Hence, modified dextran was 
employed to overcome the challenge of prevent-
ing intestinal uptake. Furthermore, selective deg-
radation of dextran shell was found upon the 
action of dextranase secreted in the colon. This 
functionalization yields highly effective and tar-
geted delivery in colon cancer. Therefore, the 
developed system was highly efficient in provid-
ing a synergistic anticancer effect and a signifi-
cant reduction in off-target toxicity. The system 
also depicted enhanced cell uptake and tumour 
growth inhibition in vitro and in vivo via mag-
netothermal and chemotherapeutic combination 
therapy.

Nanostructured Lipid Carriers (NLC)
Fernandes et  al. (2018) described doxorubicin 
and docosahexaenoic acid-loaded NLCs for tar-
geted cancer delivery. The in  vitro and in  vivo 
performance depicted superior activity as com-
pared to free drug. Moreover, technetium-99 m 
labelling was employed for enhanced theranos-
tics application of developed NLCs. Scintigraphy 
and biodistribution studies of NLC were per-
formed in 4 T1 breast cancer cell-bearing mice 
depicting the enhanced anticancer activity of 
encapsulated doxorubicin compared to its free 
form. Radiolabelling enabled precise imaging 
potential of preferential nanoparticle uptake by 
tumour cells. Furthermore, the developed system 
depicted prolonged circulation, high therapeutic 
payload and superior anticancer effect. 

S. Khot et al.
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Docosahexanoic acid and Doxorubicin co-loaded 
NLCs displayed synergistic and augmented anti-
tumor effects. Additionally the system was found 
to produce reduced off- target toxicity. Therefore, 
the developed system may serve as a potential 
theranostics candidate for real-time drug moni-
toring and diagnostic imaging in breast cancer.

Lipid-Polymer Hybrids
Lipid-polymer can be defined as a combination 
system involving the use of polymer with prede-
termined function in lipid nanosystems. Huang 
et  al. (2019) described Pt(IV) prodrug-loaded 
lipid-polymer nanohybrids for treatment of ovar-
ian cancer. The nanohybrid system is comprised 
of the liquid core of perfluorohexane, a lipo- 
polymer shell of PLGA-PEG and DSPE-PEG- 
Pt(IV) as well as cRGD peptide as targeting 
ligand. The perfluorohexane core was employed 
as an ultrasound contrast agent for enhanced and 
real-time imaging. The developed nanohybrids 
displayed multifunctionality and reduction in 
sensitive tumour targeting. The cRGD peptide 
was conjugated to the nanohybrid system for 
enhanced targeted delivery. The developed sys-
tem displayed enhanced US imaging, drug 
release, cell uptake, cytotoxicity and cell apopto-
sis in  vitro and in  vivo. Thus, the developed 
hybrid can serve as a highly efficient theranostics 
platform for the treatment of ovarian cancer. You 
et  al. (2018) described a pH-responsive system 
based on reactive oxygen species (ROS) trig-
gered under NIR irradiation for cancer therapy. 
The authors demonstrated the fabrication of suc-
cinic peroxide-conjugated PLGA with Fenton- 
activated Pt/Fe3O4 lipo-polymersome. The 
presence of Fenton reactive species triggers the 
production of OH radicals as a source of ROS in 
cancer therapy. The developed system was rap-
idly internalized with further depolymerization 
leading to the formation of loose structures disin-
tegrated with an increase in temperature as a con-
sequence of NIR irradiation. Consequently, the 
release of ferrous ions and dissociate succinic 
peroxide triggered the formation of OH radicals 
in response to NIR irradiation when exposed to 
the tumour microenvironment. Cisplatin-loaded 
system depicted enhanced antitumor efficacy 

in vitro and in vivo. Furthermore, the developed 
system displayed multifunctionality, excellent 
biocompatibility, reduced off-target toxicity, high 
yield of ROS and enhanced uptake and accumu-
lation in tumour cells. Moreover, the developed 
system also demonstrated excellent in vitro and 
in  vivo performance in suppressing MCF-7 
tumour cells. Thus, fabrication of lipo- 
polymersome nanohybrids can serve as a poten-
tial theranostics platform towards clinical 
translation for cancer therapy (Huang et al. 2019).

4.3.2.3  Dendrimers
Dendrimers are highly branched, star-shaped 
macromolecules with nanometer-scale dimen-
sions. Dendrimers are defined by three compo-
nents: a central core, an interior dendritic 
structure (the branches) and an exterior surface 
with functional surface groups. Alibolandi et al. 
2018 described poly(amidoamine) dendrimer- 
based multifunctional nanotheranostics platform. 
Gold nanoparticles and curcumin were loaded 
onto the poly(amidoamine) dendrimer and conju-
gated with MUC1 aptamer for selective and 
enhanced tumour targeting. The developed sys-
tem was intended for CT imaging and drug deliv-
ery to C26 tumour cells in  vitro and in  vivo. 
Moreover, MUC1 aptamer was conjugated via 
thiol functionalization to heterofunctional 
PEG.  This developed nanosystem displayed 
marked targeting to MUC1  in HT29 and C26 
cancer cell. Furthermore, the system also depicted 
high cell uptake, cytotoxicity and enhanced anti-
cancer efficacy. In conclusion, the developed 
nanotheranostics system depicts good X-ray 
attenuation and is a desirable probe for CT imag-
ing while demonstrating high therapeutic index 
against colorectal cancer. Jędrzak et  al. 2019 
described the synthesis of poly(amidoamine) 
functionalized magnetic nanoparticles encapsu-
lated with polydopamine for advanced cancer 
therapy. Fifth-generation nanohybrids were 
employed for combination photothermal and 
chemotherapy in liver cancer treatment. The 
developed nanoparticles displayed no toxicity in 
healthy cells and exhibited strong photothermal 
properties. The developed system demonstrated a 
high degree of drug loading and the synergistic 
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additive effect of photothermal therapy as well as 
chemotherapy. In vitro and in  vivo studies 
depicted apoptosis-induced cell death instead of 
necrosis, thereby confirming highly efficient and 
versatile nature of the developed system. 
Moreover, the developed system displayed excel-
lent MRI contrast properties. Overall, the func-
tionality of dendrimers has been extended by 
merging them with magnetic nanoparticles 
resulting in multifunctional hybrid nanostruc-
tures making them a promising smart drug deliv-
ery system for cancer therapy.

4.3.2.4  Inorganic Nanocarriers

SPIONs and Magnetic Nanocarriers
Superparamagnetic iron oxide nanoparticles are 
iron oxide nanoparticles which have different 
electromagnetic properties due to their nanosize, 
a phenomenon called superparamagnetism. 
Gholami et al. (2019) described the fabrication of 
doxorubicin and superparamagnetic iron oxide 
nanoparticle-loaded polyarginine/chitosan 
nanoparticles. The developed system was fabri-
cated using ionic gelation loaded with biodegrad-
able chitosan for dual application, i.e. diagnosis 
and therapy. In vitro release studies depicted 
burst release from the developed system in an 
acidic environment, hence exhibiting pH- 
dependent release behaviour suitable for release 
in the tumour microenvironment. Moreover, flow 
cytometric analysis and fluorescence microscopy 
demonstrated rapid internalization of the devel-
oped system into the tumour cells. Consecutively, 
the in  vitro uptake was corroborated by drug 
accumulation in intracellular space of C6 glioma 
cells using MRI. Additionally, the developed sys-
tem depicted excellent biocompatibility, long- 
term stability and safety along with cytotoxicity 
against cancer cells. In conclusion, the developed 
system may serve as a promising theranostics 
platform for glioblastoma intervention in futur-
ized clinical applications. Abedin et  al. (2018) 
described essentiality of functionalized inorganic 
nanoparticles in nanomedicine to address the 
issue of dispersibility in physiological environ-
ments. The authors demonstrated modulation of 
colloidal stability of gold-iron oxide nanoparti-

cles by employing a polymer coating of poly-L- 
lysine. The polymer-coated inorganic 
nanoparticles were found to remain as a stable 
dispersion in aqueous and physiological media, 
thus causing rapid internalization of nanoparti-
cles in cells. The multifunctional NIR-responsive 
gold-iron oxide nanoparticles were intended for 
simultaneous imaging and photoactivated hyper-
thermic treatment of breast cancer cells. Surface- 
coated inorganic nanoparticles demonstrated the 
formation of a physical barrier around inorganic 
nanoparticles as a function of the polymer coat-
ing, thereby imparting stability and preventing its 
aggregation. The physicochemical properties of 
inorganic materials can render a multimodal 
nanoplatform, e.g. gold nanoparticles possess 
surface plasmon resonance and superparamag-
netic properties which can be successfully 
employed for photothermal ablation as well as 
enhanced MRI contrast, respectively. The devel-
oped nanoparticles, which were investigated in 
BT-474 and MDA-MB-231 breast cancer, 
depicted enhanced cell uptake in NIR-assisted 
photothermal therapy. Moreover, the developed 
nanoparticles were able to promote and enhance 
tumour growth inhibition more significantly as 
compared to nanoparticles without NIR activa-
tion. In conclusion, the developed nanoparticles 
displayed excellent optical, magnetic and thera-
peutic properties by integrating diagnostic and 
therapeutic functions into a single multimodal 
nanotheranostics platform for translational can-
cer therapy.

Quantum Dots
Quantum dots are tiny particles or nanocrystals 
of a semiconducting material with diameters in 
the range of 2–10 nanometres. Quantum dots dis-
play unique electronic properties, intermediate 
between those of bulk semiconductors and dis-
crete molecules, which are partly the result of the 
unusually high surface-to-volume ratios for these 
particles. The most apparent result of this is fluo-
rescence, wherein the nanocrystals can produce 
distinctive colours determined by the size of the 
particles. Chang et  al. (2019) described multi-
functional quantum dot-based theranostics nano-
formulation rendering diverse platform to address 
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heterogeneity in cancer therapy. The authors 
demonstrated the development of a hybrid pep-
tide for simultaneous diagnosis and cancer ther-
apy. The research study involved isolation of two 
functional peptides A and B from E. coli and their 
conjugation with streptavidin-loaded quantum 
dots and magnetic nanoparticles, respectively. 
Furthermore, these functional peptides were cou-
pled by promoting interaction between appropri-
ate domains of both peptides. The developed 
hybrid system is comprised of streptavidin- 
loaded quantum dots, magnetic nanoparticles and 
targeting ligand designed for the treatment of 
HER2-positive breast cancer. The developed 
multifunctional hybrid system was efficient in 
the detection and inhibition of tumour growth of 
HER2-positive breast cancer. The developed 
hybrid system was equipped with ZH2 affibody 
which enabled specific targeting of HER2 recep-
tor. To achieve optimum therapeutic efficacy, the 
developed hybrid system was employed for 
simultaneous quantum dot-assisted fluorescence 
imaging and magnetic hyperthermia for breast 
cancer treatment. The developed hybrid system is 
simple and flexible equipped with tunable mod-
ules rendering protein-protein interaction 
domains for lowering the immunogenicity. In 
conclusion, the developed hybrid system is 
highly useful in numerous biological applications 
serving as a potential theranostics platform in the 
development of an advanced bioassay for early 
cancer detection.

Metallic Nanoparticles
Nanoparticles are prepared from metals like iron, 
silver, gold, cobalt, zinc, etc. by various physical 
and chemical techniques to get nanoparticles in 
size range of 5–20  nm. Sakr et  al. (2018) have 
described the development of a potential nano-
theranostics system comprising of I-131-doped 
silver nanoparticles functionalized using 
PEG. The authors have integrated cancer therapy 
silver nanoparticles and radiolabelling. The 
nanoparticles were fabricated using a one-step 
synthesis of PEG-encapsulated silver nanoparti-
cles doped with I-131. The developed system 
depicted excellent radiolabelling yield (~98%) 

along with significant stability in aqueous and 
physiological media in vitro. The developed sys-
tem depicted temperature-sensitive behaviour and 
hence was administered in cold condition. 
Moreover, the developed system was safe and 
biocompatible and showed reduced off-target 
toxicity. The developed system depicted a high 
amount of radioactivity in tumour-bearing mice 
with enhanced tumour uptake upon post- 
intravenous as well as intratumoural injection. 
Thus, the developed system may serve as great 
potential in cancer theranostics. Liu et al. (2018) 
described a novel theranostics nanoconstruct 
comprising of hyaluronate-based cationic bovine 
serum albumin-encapsulated gold nanocluster for 
targeted drug delivery in cancer therapy. The 
authors demonstrated modulation of particle size 
by altering the hyaluronate to cationic bovine 
serum albumin-encapsulated gold nanocluster 
which was investigated for its targeting and phar-
macokinetic potential. This preliminary screening 
then led to the selection of the developed system 
with size of 200 nm based on optimal EPR effect. 
Moreover, the developed system possessed red 
fluorescence providing real-time imaging and 
inherent drug binding sites. Therefore, the devel-
oped system was further utilized for loading of 
indocyanine green dye and lipophilic paclitaxel 
providing photothermal and chemotherapy, 
respectively, and nitric oxide for modulating the 
tumour microenvironment and enhancing drug 
delivery. Hyaluronate incorporation into the 
developed system imparted protection to charged 
nanoparticles, in turn, prolonging its systemic cir-
culation and reduced off-target toxicity. 
Furthermore, the developed system depicted 
active targeting ability and facilitated penetration 
due to size reduction triggered by a degradation 
of hyaluronate shell in the tumour microenviron-
ment. The developed system depicted high accu-
mulation in breast cancer cells. Consequently, the 
developed system demonstrated in situ suppres-
sion of tumour growth (~95%) as well as lung 
metastatic growth inhibition (~88%). In conclu-
sion, the developed system was safe and biocom-
patible intended targeted delivery and sufficient 
suppression of breast cancer.

4 Theranostics Nanoformulations: Merging Diagnostics and Nanotherapeutics



84

Upconversion Nanoparticles
Jin et al. (2019) described a facile fabrication of 
NIR-assisted theranostics nanoconstructs via 
encapsulation of upconversion nanoparticles and 
a luminogen {2-(2,6-bis((E)-4-(phenyl(40-
(1,2,2-triphenylvinyl)-[1,10-biphenyl]-4-yl)
amino)styryl)-4H-pyran-4-ylidene)malononi-
trile} (TTD) within an amphiphilic polymer- 
based nanohybrid system. To obtain cancer cell 
targeting, the developed system was further con-
jugated with cRGD peptide to yield hybrid 
nanoparticles. A class of fluorogens has emerged 
to serve as an efficient and potential fluorescent 
material useful in theranostics applications. 
These fluorogens exhibit aggregation-induced 
emission properties, which can be described as 
non-emissive materials in appropriate solutions 
but can render high emission properties upon 
aggregation. Mechanism of aggregation can be 
explained via restricted intramolecular rotations 
that prevent dissipation of energy through non- 
radiative channels. Therefore, aggregation- 
induced emission-based photosensitizer has been 
employed widely as key materials for single-unit 
multimodal imaging and photodynamic therapy. 
Upconversion nanoparticles possess the ability to 
harness NIR frequency and upconvert into higher 
frequency such as visible or UV light. Therefore, 
selection of appropriate upconversion nanoparti-
cles having similar emission spectra to that of 
aggregation-induced emission photosensitizer 
can render a potential platform for NIR-assisted 
nanotheranostics in the treatment of deeply situ-
ated tumours. The authors have discussed the 
encapsulation of hydrophobic luminogen (TTD) 
and upconversion nanoparticles into a biocom-
patible lipid-PEG polymer hybrid surface deco-
rated with cRGD peptide for targeted action. This 
developed system depicted NIR-assisted multi-
functional probes intended for photodynamic 
therapy in cancer cells. Furthermore, the devel-
oped system depicted efficient generation of ROS 
upon NIR excitation in the presence of thick tis-
sue. Additionally, the developed system depicted 
highly efficient targeting and significant in vitro 
anticancer activity against MDA-MB-231 breast 
cancer cells. Moreover, in vivo studies depicted 
enhanced accumulation of developed system and 

significant tumour growth inhibition. Also intra-
venous injection of the developed system could 
illuminate the tumours and induced significant 
apoptosis in tumour cells. The developed system 
showed excellent photostability and was able to 
maintain its fluorescent properties for a longer 
duration (1  month). Theranostic probes com-
posed of a combination of upconversion nanopar-
ticles and photosensitizers may serve as a 
platform for NIR-assisted imaging and photo-
therapy of deeply situated tumors. Wang et  al. 
(2019) described precision-based theranostics 
nanoplatforms for image-guided tumour-targeted 
delivery of chemotherapeutic drugs. Lanthanide-
doped upconversion nanoparticles are attractive 
systems for the design of theranostic platforms 
which serve as a potential candidate in laser com-
ponents, NIR probes, low-background bioimag-
ing and solar energy conversion. The intrinsic 
NMR properties of gadolinium (Gd) ions can be 
employed for multimodal imaging. Furthermore, 
rare-earth co-doped elements ytterbium (Yb3+) 
and erbium (Er3+) can offer absorption of NIR 
excitation photon and emission upconversion 
luminescence, respectively, which can be applied 
to fluorescence labelling and luminescence reso-
nance energy transfer. The developed nanoplat-
form comprised of Gd/Yb3+/Er3+ upconversion 
nanoparticles and gold nanodots encapsulated 
bovine serum albumin in a layer-by-layer manner 
which was further conjugated to folic acid. This 
developed nanohybrid system was then succes-
sively employed for loading of doxorubicin. The 
upconversion nanoparticles provided photother-
mal effect along with NIR conversion and 
depicted excellent luminescent properties, X-ray 
attenuation and photothermal ablations. 
Moreover, bovine serum albumin was rendered 
as a template for doxorubicin binding, thereby 
enhancing its anticancer efficacy via photother-
mal therapy. The developed system was efficient 
in the delivery of doxorubicin within the tumour 
microenvironment, thereby reducing the off- 
target toxicity during treatment regime. 
Meanwhile, in  vivo anticancer efficacy was 
improved by the pH-responsive release of doxo-
rubicin in association with NIR excitation- 
induced heat. The developed system was highly 
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effective in rendering multimodal imaging and 
potent anticancer response as well as tumour 
growth inhibition via deep penetration ability of 
photothermal therapy. The bovine serum albumin 
and folic acid coating provided prolonged circu-
lation and a replacement for conventional surfac-
tants to further render non-toxic, biocompatible 
and safe theranostics nanoplatform for in  vivo 
cancer therapy. In conclusion, the development 
of such nanohybrids may serve as potential novel 
theranostics strategies which can be employed in 
simultaneous multifunctional diagnosis and 
therapy.

Silica and Other Nanoparticles
Su et al. (2019) described the fabrication of func-
tional theranostics mesoporous silica-coated gold 
nanostars as combination photothermal therapy 
and chemotherapy in the treatment of cancer. The 
authors demonstrated the synthesis of mesopo-
rous silica-coated gold nanostars using sodium 
hydroxide etching. The silica-coated nanoparti-
cles were functionalized by grafting PEG and 
further loaded with doxorubicin. The developed 
system displayed good dispersibility in aqueous 
and physiological media. Moreover, the devel-
oped system depicted good drug-loading capac-
ity and pH as well as light-responsive drug 
release. Upon NIR excitation, the developed sys-
tem depicted excellent photothermal effects. Also 
the combination therapy in HeLa and cervical 
cancer cell lines consequently displayed superior 
anticancer efficacy than chemotherapy or photo-
thermal therapy alone. The developed nanocom-
posites depicted excellent biocompatibility with 
low toxicity. In conclusion, the developed nano-
composite system serves as a multimodal ther-
anostics platform for treating cancer. Victor et al. 
(2018) described the fabrication of calcium 
phosphate- based ceramic nanoparticles present 
as a unique drug delivery system. The developed 
system renders functional, biocompatible and 
biodegradable properties in  vivo. The in  vitro 
studies depicted rapid internalization of nanopar-
ticles. Furthermore, the developed system 
depicted prolonged systemic circulation at physi-
ological pH with low systemic toxicity. Moreover, 
the developed system was doped with neodym-

ium encapsulated with alginic acid for pH- 
responsive drug release. Acetylsalicylic acid was 
loaded onto the developed functionalized nano-
carrier for orally administered colon targeted 
delivery. The drug-loaded nanoparticles of 
20–40  nm in size displayed negative surface 
charge, thereby facilitating simultaneous imag-
ing and pH-responsive drug delivery. In conclu-
sion, the lanthanide-doped calcium 
phosphate-based nanotheranostics may serve a 
potential for simultaneous imaging and therapy 
in the treatment of solid tumours. Cipreste et al. 
(2018) described the fabrication of hydroxyapa-
tite nanoparticles doped with an array of radionu-
clides intended for theranostics applications in 
the treatment of various types of cancer. The 
authors demonstrated the synthesis of functional-
ized nanocomposite comprised of hydroxyapatite 
and CuO (known as tenorite) for PET imaging 
and simultaneous diagnosis and treatment of 
osteosarcoma. Copper serves as a potential can-
didate for modulation of hydroxyapatite nanopar-
ticles to yield certain desirable theranostics 
properties. Activation of this metal by a neutron 
flux can produce 64Cu, a positron and beta radia-
tion. The emitted beta radiation can be employed 
to kill cancer cells, and the positron radiation 
could be used to generate diagnostic images in 
PET systems. 64Cu and 32P were the two radionu-
clides, which were doped to the prepared 
 nanocomposites, and upon activation inside the 
hydroxyapatite matrix can produce desirable 
theranostics material. Moreover, the developed 
system was found to stable and biocompatible in 
physiological conditions and serve as an excel-
lent theranostics agent against osteosarcoma. The 
developed system was conjugated with folic acid 
to render active targeting to folate-overexpressed 
osteosarcoma cells. Wyszogrodzka et al. (2018) 
described a facile fabrication of novel metal- 
organic framework Fe-MIL-101-NH2 as a ther-
anostics platform for antituberculous drug 
therapy. Several nanosized iron-based metal- 
organic frameworks (MIL-88A, MIL-89 and 
MIL-101-NH2) have been synthesized as drug 
cargos rendering good MRI contrast properties. 
The developed system was able to depict multi-
functionality, significant drug loading, excellent 
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MRI contrast agent and low level of toxicity. The 
developed hybrid metal-organic frameworks, 
which were loaded with isoniazid and were 
investigated for its cytotoxicity against fibro-
blasts L929, depicted enhanced accumulation 
inside the cells. The proposed drug delivery sys-
tem can also serve as the MRI contrast agent. 
Dissolution studies of the developed nanohybrids 
depicted an extended-release pattern. In conclu-
sion, the developed system was found suitable for 
the extended-release inhalable system in drug 
delivery of isoniazid along with monitoring of 
drug-loaded hybrid system distribution within 
the lung tissue. Theranostics is widely employed 
for cancer treatment, but numerous other exam-
ples do exist for effective treatment and local 
drug delivery. The developed system demon-
strates that Fe-MIL-101-NH2-based metal- 
organic framework can serve as an effective 
theranostics carrier for first-line antitubercular 
treatment with isoniazid. Additionally, MRI 
imaging of the developed system suspended in 
HPMC demonstrated the contrast ability of the 
novel theranostics platform. The proposed fea-
tures such as efficient drug delivery and excellent 
imaging properties, in combination, describe a 
single all-in-one carrier system allowing it to be 
classified as a potential theranostics agent for 
tuberculosis treatment.

4.3.2.5  Carbon-Based Nanomaterials

Fullerenes Nanoparticles
Fullerenes were first discovered back in 1985 by 
Harold Kroto and his group at the University of 
Sussex, England. Kroto described fullerene as 
large and hollow spheroidal molecule composed 
of 60 or more carbon atoms. Fullerenes are pro-
duced chiefly by the action of arc discharge 
between carbon electrodes in an inert atmo-
sphere. Misra et al. (2018) described functional-
ized C60 fullerenes as a potential theranostics 
platform in drug delivery of antiviral drugs 
employed for HIV treatment. The derivatives of 
fullerene C60 exhibited inhibition of HIV prote-
ases via complex formation, among which den-
drofullerene was found to have the highest 
inhibitory activity. Interestingly, amino acid- 

modified fullerene C60 was found to inhibit HIV 
replication in humans. Moreover, C60 fullerene 
has been utilized for potential medical applica-
tion based on its photo-excitable properties. 
N-vinylpyrrolidone-functionalized C60 can 
form highly hydrophilic copolymer complex for 
photodynamic therapy. Fullerene C60 is also an 
inherent antioxidant as a consequence of its 
unique chemistry. Functionalization of fuller-
enes has been investigated in numerous activities 
such as radioprotective drug delivery, MRI con-
trast and photodynamic and gene therapy. 
Furthermore, researchers have discovered that 
under specific conditions, these fullerenes pos-
sess the ability to stimulate the generation of 
ROS and killer cells. He et al. (2019) developed 
a multifunctional contrast agent intended for 
simultaneous imaging and synergistic high-
intensity focused ultrasound- assisted therapy. 
The authors described fabrication of perfluoro-
hexane-encapsulated fullerene nanosphere, 
which was subsequently employed in US/CT 
dual-modality and high-intensity focused ultra-
sound ablation therapy. The developed system 
significantly enhanced integrated US/CT imag-
ing along with enhanced high- intensity focused 
ultrasound ablation in dissected livers. In con-
clusion, the developed composite nanospheres 
demonstrate potential theranostics application as 
a multifunctional contrast agent for dual-modal 
biological imaging and highly efficient synergis-
tic imaging-guided high- intensity focused ultra-
sound ablation.

Carbon Nanotubes
Carbon nanotubes can be classified as a subcat-
egory of fullerene derivatives with similar and 
widespread application in the medical, biomedi-
cal and pharmaceutical field. Structurally carbon 
nanotubes are cylindrical nanoconstructs having 
a high length to diameter ratio. Two functional 
carbon nanotubes have been described for its use 
in biomedical field, viz. single- and multi-walled 
carbon nanotubes. Like fullerenes, carbon nano-
tubes also possess numerous optical fluores-
cence properties making them a potential 
material in photothermal cancer therapy. Fiegel 
et al. (2018) described the fabrication of carbon-
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based nanotubes for designing potential ther-
anostics nanoconstructs. The developed 
nanoconstructs based on carbon nanotubes 
depicted high drug loading capacity with combi-
nation of photothermal therapy and imaging 
property. To overcome the poor hydrophilicity of 
carbon nanotubes, mesoporous silica shell was 
grafted which was further encapsulated with 
human serum albumin to form nanofilms via iso-
butyramide cross-linking. Curcumin and camp-
tothecin were loaded onto the developed system. 
The porous silica rendered sites for drug loading. 
Thus, the developed nanocomposite system was 
found to be biocompatible and safe with reduced 
side toxicity. Hence, such systems can be uti-
lized in the future for phototherapy and NIR-
assisted drug delivery. Such novel 
nanocomposites are expected to be very promis-
ing new theranostics systems ensuring drug 
delivery, imaging and photothermal properties.

Carbon Nanodots
Carbon nanodots belong to a novel class of small 
theranostics nanoplatforms with size range below 
10  nm, capable of exhibiting excellent optical 
and non-toxic properties. These unique proper-
ties of carbon nanodots are utilized in designing 
of ideal platforms for multifunctional cancer tar-
geting. Numerous applications of carbon dots in 
cancer theranostics have been reported during the 
past decade. Ortega-Liebana et  al. (2019) 
described the fabrication of nitrogen-doped car-
bon nanodots, which were employed as dual- 
modal theranostics, rendering NIR-assisted 
imaging and photodynamic therapy. The devel-
oped nanodots were rapidly internalized inside 
tumour cells via selective uptake and did not 
show cytotoxicity prior to NIR irradiation. The 
developed nanodots depict excellent photody-
namic properties, along with highly efficient 
simultaneous imaging as well as cancer therapy. 
Cancer therapy was found to be efficient and dis-
played good luminescent properties upon NIR 
excitation which triggered in situ ROS genera-
tion. This ROS generation induced cell apoptosis 
in U251 cells in  vitro visualized by flow 
cytometry.

Graphene Nanoparticles
Usman et al. (2018) described the fabrication of 
graphene oxide-based theranostic nanoconstructs 
for cancer imaging and therapy. The graphene 
oxide was employed for loading of anticancer 
protocatechuic acid and gadolinium nitrate hexa-
hydrate as an MRI contrast agent. Gold nanopar-
ticles were also employed as a contrast material 
for diagnosis. The graphene oxide nanosheets 
were conjugated with protocatechuic acid which 
was further conjugated to gadolinium nitrate. A 
similar process was followed to obtain gold- 
coated graphene oxide nanosheets. The devel-
oped system depicted significant cytotoxicity and 
excellent MRI contrast properties. The cytotoxic-
ity studies depicted significant cytotoxicity in 
human liver hepatocellular cancer cell lines, but 
apparently, no significant cytotoxicity was 
observed in fibroblast cell lines. Moreover, the 
gold-coated nanosheets depicted superior con-
trast activity as compared to gadolinium-coated 
nanosheets. Therefore, the developed system has 
good prospects of serving as a future theranostics 
platform for cancer chemotherapy and diagnosis. 
Shervedani et al. (2018) described fabrication of 
novel graphene-based theranostics nanoplatform 
for cancer therapy. The authors demonstrated the 
synthesis of a multifunctional hybrid system 
comprising of partially reduced graphene oxide 
functionalized by polydopamine. This reduced 
graphene-polydopamine system was further 
grafted onto bovine serum albumin which was 
decorated with diethylenetriaminepentaacetic 
acid-Mn (II) employed as a diagnostic agent and 
loaded with chemotherapeutic agent methotrex-
ate. In vitro studies depicted enhanced drug 
release and cell uptake which can be accounted to 
bovine serum albumin facilitating internalization 
and uptake.

4.4  Conclusion and Future 
Perspectives

To summarize briefly, the design of current and 
future theranostics deals with three important 
components, viz. imaging/diagnostic agent, ther-
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apeutic moiety and a targeting agent. All three 
components mentioned above have been exten-
sively investigated in the design, development 
and evaluation of tailored theranostics applica-
tions. Great achievements have been made in the 
past decade to fabricate very small nanostruc-
tures, with smart stimuli-responsive architec-
tures. It has also demonstrated methods to well 
decorate surface for enhanced colloidal stability 
with capabilities to carry both therapy and diag-
nostic agents. Even satisfactory in  vitro and 
in vivo results have been achieved for most of the 
research works. Moreover, theranostics depicts 
great potential to revolutionize modern therapeu-
tics and imaging. Further developments in using 
such nano-architectures for gene delivery would 
make the theranostics more personalized and 
customizable based on individual medical history 
and genomics. We still have to overcome a lot of 
obstacles, such as the reproducibility of such 
complex formulations, which is very difficult 
with current capabilities. The next hurdle would 
be to develop such facilities and instruments 
which would scale up these nanoformulations to 
higher volumes.

With application of nanomaterials, theranos-
tics approaches depict a more promising medical 
intervention over conventional treatment strate-
gies. However, the full potential of these materi-
als is yet to be explored. Recently developed 
green synthesis of nanoparticles is a novel and 
emerging approach with low capital and operat-
ing expenses, in addition to being environmen-
tally benign and enhanced biostability and 
compatibility. Hence, green synthesis is highly 
advantageous over traditional chemical and phys-
ical methods of nanoparticle synthesis. 
Theranostics nanovectors face a major challenge 
of lab-to-industrial-scale translation in terms of 
manufacture and technology development. This 
difficulty leads to compromise of stability, struc-
tural integrity and shelf life of nanotheranostics 
formulations. A key factor for maintenance of 
shelf life of the theranostics formulation is con-
cerned with fragility and reduced activity of the 
employed targeting agents (i.e. antibodies) dur-
ing manufacture and use. Nanotheranostics has 
afforded a novel class of personalized medicine 
for efficient delivery of therapeutics with reduced 

off-target toxicity via novel and advanced treat-
ment strategies for individual patients. Moreover, 
recent advances in designing of multifunctional 
and modal nanoparticles as delivery technologies 
serve and promote next-generation molecular 
and nuclear imaging in clinics for rapid diagnosis 
and therapy. The blood-brain barrier offers struc-
tural and functional complexity, thereby limiting 
the use of theranostics platforms in clinical trans-
lation and personalized treatment of several neu-
rological disorders.

Based on an extensive survey by Grand View 
Research statistics, the market for nanomedicine 
is expected to rise up to $ 350 billion worldwide 
by 2025. A majority of deaths occurring world-
wide are associated with cancer metastasis, 
which is diagnosed late and only revealed upon 
surgical biopsy. Moreover, some other types of 
cancer such as lung cancer are more difficult to 
access for biopsy or require a liquid biopsy-based 
diagnosis. The liquid biopsy renders information 
regarding presence of circulating tumour cells 
(often referred as CTCs). Hence, early detection 
of cancer with help of nanoscaled diagnostic 
agents may serve as beneficial breakthrough in 
medical intervention. Diagnostics play a crucial 
role in paving road for precise and accurate treat-
ment along with advanced medical interventions 
for various diseases. Recent reports and pub-
lished data represent rapid advancement in search 
of novel biomarkers for disease subtypes, which 
is further developed by academic researchers and 
pharmaceutical industries to enhance well- 
defined and well-designed biomaterials with 
more individualized treatment strategy, depicting 
its potential into clinical translation. Modern 
research displays a paradigm shift in the field of 
medicine by utilizing integrated, multifunctional, 
multimodal nanotheranostics. This is rather a 
steady and slowly progressing field, advancing 
towards highly efficient personalized medicine 
along with the companion diagnostic agents at 
intermediate step. However, more detailed inves-
tigation and exploration for use and design of 
such nanotheranostics are essential.

The question continues to arise over the past 
few years regarding what will be the future of 
theranostics. Integrating nanotechnology and 
next-generation materials won’t be enough for 
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treating severe and deadly diseases. Recently 
researchers have developed approaches beyond 
multimodal techniques for next-generation imag-
ing and therapy. An example of such a technique 
is the 4D-XCAT (four-dimensional extended car-
diac-torso) imaging tool. 4D-XCAT is in silico or 
computer-assisted simulation tool for multiscale 
and multifunctional modelling of physiological 
and anatomical features. Techniques such as 
4D-XCAT display highly advanced imaging with 
marked precision and accuracy in imaging ther-
apy (Segars et  al. 2018). Furthermore, in assis-
tance to computer simulation for imaging and 
therapy, in silico designed microscaled multifunc-
tional robots have been fabricated, transcending 
from conventional to next-generation theranos-
tics. These microbots are specifically designed 
synthetic or biohybrid constructs for safe, bio-
compatible therapeutic interventions, aiming 
towards controlled delivery of bioactives. These 
miniaturized microbots are highly advanced pro-
grammable complex systems, intended for deep 
cellular access and performing multifunctional 
molecular diagnostics and therapeutics. 
Additionally, these micro- and nanomachines 
possess similar function and physicochemical 
properties as those of conventional theranostics 
materials. Moreover, these are highly efficient in 
performing predefined tasks as well as remote-
controlled modulation in preprogrammed func-
tion. Depicted as emergent future theranostics, 
microbots upheld the potential in merging pre-
existing drug delivery systems with the next-gen-
eration in silico tools. Therefore, it can 
significantly enhance the drug loading capacity, 
highly specified targeting and protection against 
opsonization and more importantly can reduce 
off-target accumulation as future- generation 
nanotheranostic systems (Erkoc et al. 2019).

In conclusion, the field of nanotheranostics is 
rapidly growing and enabling the transition from 
traditional “trial and error”-based medicine 
towards a more personalized approach serving as 
potential and superior clinical outcomes. 
Nanotheranostics offers a unique and useful tool 
in classifying, stratifying and selection of patients 
via prediction of molecular phenotype affirmative 
response of drug in particular. Nanotheranostics 

depicts the ability to improve the potency of ther-
apeutic agent, thereby assisting physicians to bet-
ter understand the highest benefits of particular 
drugs in individual patients. Moreover, the spe-
cific targeting virtues of nanotheranostics will 
render enhancement in monitoring and maintain-
ing drug safety profile, also reducing off-target 
toxicity which commonly occurred during 
 traditional chemotherapy. Furthermore, from an 
economic view, nanotheranostics can lead to cost-
effective therapeutic regimes guiding preclinical 
development or clinical investigation to aid in 
amplifying the possible research outcomes.
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