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Foreword by Dr. Zaver Bhujwalla

I am delighted to write this foreword for Nanomaterials for Cancer Detection Using 
Imaging Techniques and Their Clinical Applications, expertly edited by Professor 
Chaughule and colleagues. Professor Chaughule is also a distinguished contributor 
to this volume.

Targeted and non-targeted nanomaterials decorated with imaging reporters hold 
significant promise in the personalized treatment of cancers. Imaging becomes 
especially important within the backdrop of the abnormal vasculature of cancers as 
it establishes delivery of these nanomaterials and provides visualization of the het-
erogeneity of delivery. Heterogeneity is a hallmark of cancers. This heterogeneity 
that occurs at the molecular and functional levels within the cancer cell and within 
the tumor microenvironment creates a tumor ecosystem unsurpassed in complexity 
with redundancy of pathways and networks that pose a formidable challenge for 
cancer detection and treatment. These heterogeneities within the tumor and between 
tumors create an urgent need for non-invasive imaging-based strategies for detec-
tion and treatment to achieve personalized precision medicine in cancer.

This book represents a comprehensive collection of chapters from experts in the 
field that are presented in five different sections that focus on multiple aspects of 
nanomaterials for multimodal imaging applications in cancer detection, drug deliv-
ery, and theranostics. The chapters cover applications in different types of cancers 
describing applications of innovative nanomaterials, including hybrid nanoparticles, 
that provide a range of therapeutic and diagnostic options. Key issues in the applica-
tions of nanomaterials in cancer such as biocompatibility and toxicity are addressed, 
as are the clinical trial process and factors that increase the success rate of translat-
ing nanomaterials from discovery to clinical translation.
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The collection of articles in this book provides valuable, timely, and much- 
needed information that will be useful to a range of disciplines. Research scientists 
in academic centers and industry, students, clinicians, and technologists will benefit 
from the chapters contributed by leading experts in the exciting field of the use of 
nanomaterials in cancer detection and theranostics.

Zaver M. BhujwallaWilliam R. Brody Professor of Radiology,  
Director, Division of Cancer Imaging Research  
The Johns Hopkins University School of Medicine
Baltimore, MD, USA   

Foreword by Dr. Zaver Bhujwalla
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Foreword by Dr. Sachdeva

I am very delighted to write this forward for Nanomaterials for Cancer Detection 
Using Imaging techniques and Their Clinical Applications, which has been ably 
and deftly edited by Professor Chaughule and his colleagues.

Nanoparticles provide several potential advantages over conventional agents, 
including the extension of circulating half-life, passive accumulation at tumor sites 
due to the enhanced permeability and retention effect, reduced toxicity, and integra-
tion of multiple diverse functions in a single complex. Nanoparticles have intrinsic 
properties that offer unique imaging and functionalization utility. This effect 
increases the chances of nanoparticles to extravasate from tumor blood vessels and 
into tumor tissues. Many different types of nanomaterials have been developed to 
provide contrast in medical imaging. The advancement of personalized medicine 
nano theranostics is expected to be the main goal in biomedical research in the com-
ing years. Currently, nano theranostics have been applied for medical practice on a 
limited basis because we do not yet have enough knowledge regarding the type and 
number of biomarkers in individuals during the progression of cancer and other 
diseases. Our knowledge about the long-term effects of nanomaterials needs to be 
improved also. Hence, there is an unmet need for more information which needs to 
be fulfilled by various researchers and publications.

This current book encompasses five exhaustive sections on areas ranging from 
imaging modalities, magnetic nanoparticles in bioimaging, theranostic nanoparti-
cles with special emphasis on eye cancer, and targeted anticancer drugs on the mar-
ket. Furthermore, this book gives a good compilation of the current status of the 
progress in the field of cancer detection and imaging through the presentation of 
multidisciplinary chapters which are focused on advances in nanotechnologies for 
diagnostics and therapy. The chapters have been written by experts in the field and 
have the latest information for readers so that they can appreciate the evolving sci-
ence of imaging in cancer diagnostics and therapy.
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The editors and publishers need to be applauded for bringing forth a magnificent 
reference book comprising the latest advances in the field of nanomaterials, cancer, 
and imaging with significant clinical applications. I sincerely hope and wish that 
this book would be one of the greatest treasures for the researchers in academia, 
industry, research institutes, and clinicians for times to come.

Mandip Singh SachdevaSection Leader and Professor, College of Pharmacy  
and Pharmaceutical Sciences,  
Institute of Public Health  
Florida A&M University
Gainesville, FL, USA

Foreword by Dr. Sachdeva
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Foreword by Dr. Bo Fei

This book covers an emerging multidisciplinary area of nanotechnology, biomedi-
cal imaging, and cancer research. I was excited to read the contents of the book that 
covers many research topics that I have been involved in my own academic career 
over the past 30 years as an investigator and educator in bioengineering, radiology, 
and imaging sciences. I have witnessed the evolvement of the fields of molecular 
imaging, photodynamic therapy, and nanomedicine over the years. The book not 
only covers the development of the new technologies but also introduces their novel 
applications in disease detection, diagnosis, and therapy.

The book provides background knowledge and state-of-the-art techniques for 
graduate students, postdoctoral fellows, medical residents, physicians, and pharma-
ceutical scientists who are interested in this interdisciplinary field of nanomaterials 
and imaging for cancer detection and therapy. Readers will be introduced to various 
imaging technologies including magnetic resonance imaging, positron emission 
tomography, single-photon emission computed tomography, and optical imaging. 
The book covers different types of nanomaterials such as liposomes, dendrimers, 
polymers, polymeric nanocarriers, carbon nanotubes, nanoshells, and magnetic 
nanodroplets. Example clinical applications of biomedical imaging and nanomate-
rial technologies are also described in the book, which include cancer detection and 
diagnosis, photodynamic therapy, photothermal therapy, and image-guided therapy.

The field of nanomedicine and bioimaging is rapidly growing. This is a timely 
book that would help us catch up with the new developments and the trend in the 
field. Congratulations to Dr. Chaughule and his colleagues and the publisher.

Baowei Fei  Director, Quantitative Bioimaging Laboratory,  
Director, Center for Imaging and Surgical Innovation,  
Cecil H. and Ida Green Chair in Systems Biology Science,  
Professor of Bioengineering
The University of Texas at Dallas
Richardson, TX, USA

Professor of Radiology
The University of Texas Southwestern Medical Center
Dallas, TX, USA
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The book entitled Nanomaterials for Cancer Detection Using Imaging Techniques 
and Their Clinical Applications is addressed to pharmaceutical scientists, clini-
cians in hospitals, and postgraduate students seeking updated and critically impor-
tant information on nanomaterials used in theranostics, imaging as contrast agents, 
diagnostics (cancer detection), and drug delivery.

Nanotechnology is a relatively new, rapidly developing field. It has enormous 
scope in medical science, pharmacy, biotechnology, and materials. Studies on 
nanoparticles are currently being carried out in preclinical and clinical development 
using inorganic, metallic, hybrid, organic including various liposomes, polymeric 
micelles, dendrimers, quantum dots nanoparticles. Their unique size-dependent 
properties and convenient surface for molecular assembly make these materials 
superior in medical, pharmaceutical, and biological research.

Certain advanced treatments are based on nanoparticles using photodynamic and 
photothermal therapy which can be used to selectively destroy cancer cells upon 
stimulation by laser and light sources. PDT (photodynamic therapy) is based on the 
destruction of the cancer cells by laser-generated atomic oxygen (cytotoxic). This 
dye is taken in by the cancer cells which are destroyed due to its cytotoxic nature. 
There is a lot of potential in nanomedicine research for drug delivery. Improvement 
of drug bioavailability is one of the vital nanotechnology applications. Drug bio-
availability makes it possible for the drug molecule to reach only the targeted part 
of the body. Polymer nanoparticles encapsulated in a red blood cell membrane allow 
them to move freely in the bloodstream while absorbing toxins.

Molecular imaging provides a versatile platform for the novel design of nano-
probes. This has an advantage in enhancing the sensitivity, specificity, and signaling 
capabilities of various biomarkers in human diseases. Polymeric nanomaterials 
have improved present chemotherapy delivery methods by reducing side effects 
when the dosage is increased. This process increases residual time in the body and 
offers a sustained and tunable release. This method can deliver multiple drugs in one 
carrier. The nanosystems such as liposomes, dendrimers, polymers, polymeric 
nanocarriers, carbon nanotubes, and nanoshells are carriers of bioactive molecules. 
Hybrid nanoparticles are emerging as advanced materials with tunable properties 

Preface



xii

for enhanced performance; therefore, research groups are now focusing on the 
development of hybrid nanoparticles. Most of these technologies with clinical 
applications are discussed in this book in detail.

We are pleased to introduce this book to aspiring and working scientists, medi-
cal practitioners and students, biologists, material scientists, and pharmacists. The 
book is arranged in five parts. Imaging modalities are used for detecting cancer and 
contrast agents for enhancement of signal detection. The book starts with the pres-
ently available imaging modalities and their applications for various cancer detec-
tion. For medical imaging and oncology, nanoparticles are used to generate reactive 
oxygen species and free electrons which disrupt cellular membrane damaging can-
cerous cells. It also discusses nanoparticles that can provide unique imaging appli-
cations to monitor the progress of radiotherapy treatment. The chapters (1 and 2) 
providing this information are grouped in the first part. The second part includes 
the chapters on discussion on magnetic nanofluid droplets, magnetic nanomaterials 
for hyperthermia and bioimaging, and intranasal drug delivery to the central ner-
vous system proposing theory and modeling. These chapters (3–5) are grouped in 
the second part.

The third part discusses general nanotechnology for cancer detection and treat-
ment including theranostic nanoparticles. Also, it emphasizes the detection of lungs, 
the use of electrospun nanofibers, biomarkers imprinting leading to the detection of 
breast cancers (using molecularly imprinted polymer-based electrochemical sen-
sors), nanoparticles with biocompatibility, and toxicity. The use of hybrid (organic 
and metallic) nanoparticles for multimodal imaging and diagnosis and biomedical 
applications is also a very important topic of today’s research in cancer detection. 
The fourth part has applications to eye cancer. In this chapter, the application of 
nanoparticles in diagnostics is discussed, which is able to enhance the existing diag-
nostic and screening tools for detecting eye diseases precisely while monitoring the 
disease progression. Different nano theranostics applications for specific ophthal-
mology applications are also presented.

The fifth part has applications of developed anticancer drugs from the industry. 
Recent advances in nanotechnology and biotechnology have contributed to the 
development of drugs with varying desirable characteristics such as targeting spe-
cific receptors, long-duration pharmacokinetics, sustained drug release, as well as 
signal-controlled drug delivery. The approvals of Bexxar®, Verluma®, and 
ProtaScint® validate the utilization of modalities such as proteins and peptides for 
tumor imaging and translate to clinical therapies. The chapter 16 “Protein and pep-
tide-based therapeutics for cancer imaging” elucidates the limitations of proteins 
and peptides as targeting motifs due to heterogeneity observed in target expression 
as well heterogeneity in the tumor microenvironment. Further, this chapter con-
cludes that these issues can be overcome by developing multifunctional imaging 
agents which can be tracked and imaged using two independent imaging modalities.

The second group in the fifth part has designed the TheraCour polymer drug 
(chapter 17). Their application is most advanced in the antiviral field as well as 
potential applications in the cancer field as targeting therapeutics. The third group 
(chapter 18) in this fifth part discusses the clinical trial process, market statistics, 
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and factors to increase the success rate from lab to clinic using nanomaterials for 
cancer theranostics. Rigorous, long-term toxicity studies, thorough analysis of risk-
benefit profile, and cost of theranostics are crucial for their successful use in the 
clinic. Artificial intelligence computational methods will prove pivotal in driving 
successful clinical trials by enabling patient selection and enrollment and rapidly 
processing massive patient data.

The editors wish to thank all the distinguished and expert contributors for their 
enthusiastic participation in this endeavor and also some contributors who sent their 
contributions at the last hour. We are confident that the book will serve as a valuable 
guide for researchers and students of medicine, pharmacy, materials chemistry, and 
biology. Dr. Chaughule wishes to thank Dr. Suhas Pednekar, Vice-Chancellor, 
Mumbai University; Dr. Anushree Lokur, Principal, Ramnarain Ruia Autonomous 
College, Mumbai; and his family members for all the support. Special thanks are 
due to Ms. Navjeet Kaur for her assistance in arranging all the abstracts, chapters, 
and tables. Prof. R. V. Ramanujan thanks Dr. Varun Chaudhary for his careful assis-
tance and insightful input on all the chapters. Dr. Patkar wishes to acknowledge the 
efforts of teachers and dedicated doctors like Dr. Chaughule and his entire team of 
editors that such endeavors take shape. It has been a privilege for him to be associ-
ated with this textbook and he is certain that this book will provide the much-needed 
guidance on nanotechnology and its usefulness in cancer detection and research.

Last but not least, the editors sincerely thank the Springer Nature staff for their 
support from time to time.

Mumbai, India  Ramesh S. Chaughule
Mumbai, India  Deepak P. Patkar
Singapore, Singapore  Raju V. Ramanujan  
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Imaging Modalities and Their Applications 
in Cancer Detection Using Nanomaterials

Gauri Rane, Deepak Patkar, and Ramesh Chaughule

1  Introduction

The use of nanotechnology has opened up a new era of diagnosis and treatment of 
diseases and traumatic injuries. The special nanomaterials, having clinical applica-
tion properties, have an advantage in showing physiological interactions from the 
molecular level to the systemic level. Radiology is a diagnostic field that has become 
imperative in medicine. Now molecular imaging is a field of medical imaging which 
is based on imaging molecules within living patients and thus enabling us to visual-
ize and assess biological processes in a noninvasive manner [1]. This has the added 
advantage of diagnosing diseases at an early stage before significant anatomical 
alterations have already occurred. Most medical imaging modalities make use of 
contrast agents which could be metal ions, radioactive isotopes, microbubbles, or 
nanobubbles. These are injected into the patient’s bloodstream and then traced using 
an imaging modality, e.g., ultrasound (USG), magnetic resonance imaging (MRI), 
computed tomography (CT), positron emission tomography (PET), PET-CT, etc.

Targeted contrast agents have found an important place in imaging including 
nanoparticles [2], iodinated molecules [3], Gd chelates [4], fluorescent dyes [5], and 
specific biomarkers which can be imaged using the conventional imaging modali-
ties. Amongst these nanoparticles due to their intrinsic and unique magnetic or  
optical properties have emerged as powerful tools for molecular imaging  
especially their long circulation time, which is useful for targeted delivery. The 
word nanoparticle usually refers to a particle with a size ranging from 1 to 100 nm. 
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These nanostructured materials have a long history of use as contrast agents in vari-
ous imaging modalities and as ideal drug delivery vehicles.

1.1  History of Nanotechnology

Nanoscience and nanotechnology are evolving science and research areas involving 
the study and making of structures, systems, and agents with unique properties due 
to the structural composition of their atoms in the range of 1–100 nm scale. These 
technological advancements have gained significant importance in recent times and 
are being extensively researched in medicine, especially in oncology. The field is 
showing growth in every field like chemistry, engineering, and medical science. 
Richard Feynman envisioned the use of machines to make smaller machines almost 
down to the molecular level [6]. More details on the basic principles of nanotech-
nology are reported in subsequent chapters of this book.

1.2  Nanotechnological Applications

Studies are being conducted worldwide to make use of nanotechnological advance-
ments in medical practice both in diagnostics and therapeutic aspects. The target 
areas of diagnosis and therapy are the same, for example, in cancerous tumors; the 
unique properties of nanoparticles are being extensively studied. These nanoparti-
cles can be used as superior agents to locate and define the extent of cancerous 
lesions as well as act as delivery agents to help therapeutic treatments reach the 
tumors ideally. As a result, these have led to the development of nanotheranostics 
and nanotechnology for both imaging as well as treatment. Targeted and personal-
ized medicine with tailored, patient-specific treatments is becoming increasingly 
popular, and nanotechnology is proving to be a boon for this technique (Fig. 1).

Medical imaging in healthcare is crucial and important to diagnose diseases. 
Radiology as a diagnostic field has become imperative in medicine. It is at the heart 
of all specialties be it neurology, surgery, medicine, or gynecology and obstetrics. 
The physicians frequently need diagnostic scans such as X-ray, CT scans, MRIs, 
PET, or combinations of PET-CT scans to confirm any disease. Imaging helps to 
know the ongoing progress of the illness and adjust necessary protocols. For exam-
ple, ultrasonic technology producing sonogram images in women gives details of 
the parts of the body being formed in the womb to the physician. Ultrasound is also 
effective in the progress of soft tissues of the neck, breasts, abdomen, pelvis, etc. 
Early signs of breast cancer can be detected using mammography.

Ultrasound (USG) is a widely used imaging modality in medicine due to its sev-
eral merits over other modalities like wide availability, adaptability, noninvasive-
ness, and real-time imaging. For example, ultrasonic technology producing 
sonogram images in women gives details of the parts of the body being formed in 
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Fig. 1 Paradigm of nanotechnological applications. (Reprinted from Ref. [7])

the womb to the physician. The confirmation of pregnancy, whether intra- or extra-
uterine, is done by USG. Fatal medicine is one area where radiology has shown to 
be of extreme importance, and the value it adds is only increasing day by day. 
Anomaly scans used to be earlier done around 16–18 weeks of pregnancy, but now 
the trend has changed. First-trimester anomaly scans have gained much importance. 
NT scans can pick up severe anomalies like anencephaly early in pregnancy and 
provide the mother as well as the family with emotional as well as physical trauma. 
Ultrasound is also effective in the progress of soft tissues of the neck, breasts, abdo-
men, pelvis, etc. Early signs of breast cancer can be detected using mammography.

CT (computerized tomography) scans (during surgical procedures) allow physi-
cians and radiologists to identify internal structures and, in turn, their shapes, size, 
density, and texture which is ultimately useful to the practitioners to monitor the 
exact location of the problem to give the best treatment. In an X-ray, the structures 
overlap; however, in a CT image overlapping structures are removed. CT scan is an 
investigation which is based on the use of X-rays in an advanced manner. It is dif-
ferent from a conventional X-ray image as it makes use of multiple X-rays projected 
from several angles and positions to form a representative image.

Along with ultrasound, fetal MRI has also shown significant promise over the 
last few years, and it has been extremely useful in detecting anomalies of the brain 
and spine where ultrasound might be inconclusive. Unlike X-ray, MRI is one of the 
best scans in the medical field because it does not emit radiation, and therefore it is 
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safe for the human body. MRI technique combines radio waves with magnets to 
create a unique image that can be used to view defects such as tumors, injuries, and 
abnormalities within the body.

2  Imaging Modalities

2.1  Magnetic Resonance Imaging

2.1.1  Principles of MRI

MRI is based on the interaction of atomic nuclei in the presence of a magnetic field 
externally. The human body consists of about 70% of water molecules. Protons in 
the water molecules of the body align with the direction of the strong magnetic field 
when the body is inserted in the magnet and precess about it due to their magnetic 
moment. The frequency of the precessional motion ω is described by the Larmor 
relationship

 � �� Bo  

where ω is the frequency of precession, γ is the gyromagnetic ratio, and Bo is the 
external magnetic field strength. To obtain an image, frequency variation across the 
sample is necessary. Therefore, pulsed linear magnetic field gradients are applied to 
the main magnetic field. With these magnetic field gradients, the frequency spec-
trum can be converted into position-dependent signal intensity. By using a two- 
dimensional Fourier transformation, the spin population at any definite position 
(PIXEL) is obtained. The imaging unit (VOXEL) consists of x- and y-axis dimen-
sions and the z-axis as a thin slice section that is selectively excited by applying a 
z-axis magnetic field gradient at the same time as a 90° excitation RF pulse produc-
ing an image map using the computer. In the 2D FT spin-echo sequence, the acqui-
sition of the signal occurs at a certain echo time TE after the excitation of the spin 
system, and then the signal will decay according to the T2 relaxation process with 
the relation:

 
M TE Me TE T2� � � � /

 

Thus, signal intensity or contrast in images mainly depends on TE. To generate 
a two-dimensional image of N × N picture elements, the sequence will be repeated 
N times. From the above explanation, it is clear that the intensity of MR image nor-
mally depends on a combination of parameters, viz., spin density, T1, T2, and diffu-
sion behavior [8]. The MRI machine that we use in our imaging center is shown in 
Fig. 2, which is being used for studying pathologies of the nervous system (Figs. 3, 
4, and 5).

G. Rane et al.
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Fig. 2 3 Tesla GE 750  W discovery with MRgFUS at Nanavati Max Super Speciality 
Hospital, Mumbai

Fig. 3 Axial MRI images of the brain showing an acute infarct in the right middle cerebral artery 
(MCA) territory secondary to a thrombus in the inferior division of the right middle cerebral artery. 
Diffusion weighted image (a) showing restricted diffusion in the right temporal region with loss of 
ADC values. (b) An area of blooming seen on SWAN images in the inferior division of 
right MCA (c)

2.1.2  Applications of Nanoparticles in MRI

Contrast agents used in MRI are gadolinium based which have relatively low relax-
ivity, and as high dose of agents is required, they may cause severe side effects such 
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Fig. 4 MRI brain with cerebello-pontine angle showing CP angle lesion-acoustic schwannoma

Fig. 5 Representative images demonstrating the use of various modalities to monitor FUS-BBBO: 
(a) staining with Evans blue dye (arrow), (b) TI-weighted CE-MRI, (c) T2-weighted CE-MRI, (d) 
MRI T1 relaxometry to sequentially follow the distribution of penetrating Gd-DTPA, (e) 
fluorescent- tag dextran penetration using optical microscopy, (f) autoradiography, (g) dynamic 
ultrasound imaging, (h) DCE-MRI, (i) 99mTc-DTPA SPECT, and (j) 68Ga PET (min minutes, 
ANT anterior) [9]

as nephrogenic systemic fibrosis (NSF) [10]. MR images need to be high resolution 
in order to provide good soft tissue contrast which is impeded by the intrinsic short 
circulation time of gadolinium-based agents. To overcome this drawback, gadolin-
ium chelates are conjugated onto a macromolecule, but the non-excreted ions 
increase the possibility of side effects [11]. Iron oxide-based nanomaterials have 
been extensively studied as a safe contrast agent in order to overcome these limita-
tions of gadolinium-based contrast agents. The iron oxide nanoparticles are pro-
cessed and degraded in the body by the reticuloendothelial system. The iron ions 
which are degraded are then stored in the form of ferritin which is then used in 
several biological processes like the production of red blood cells. In comparison to 
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gadolinium-based complexes, iron-based NPs have higher sensitivity and biocom-
patibility. The US Food and Drug Administration (FDA) has approved many 
nanoparticles based on iron oxide compounds. For example, Feridex was used as a 
T2 contrast agent for imaging liver cancer, and Resovist is also used to characterize 
focal liver lesions in some countries [12]. Ferumoxytol is clinically approved as an 
MRI contrast agent and for simultaneous treatment of iron deficiency anemia due to 
the tendency to be taken up by macrophages [13].

The construction of most nanoparticles is done in such a way that their size is 
small enough to pass within capillaries and enter cells. These nanoparticles can 
carry about 100,000 molecules of metal. This helps in increasing the contrast agent 
density. Polymer nanoparticles and carbon nanotubes are used as vehicles for gado-
linium ions or iron oxide nanocrystals. One of the most attractive nanomaterials for 
various biomedical applications is iron oxide nanoparticles which provide excellent 
imaging contrast. MRI is high resolution but insensitive to molecular signals. If a 
sample contains nanoparticles, the sensitivity increases. Ultrasmall paramagnetic 
iron oxide particles help in the improvement of the nodal staging of patients with 
bladder cancer. Sensitivity and negative predictive values significantly increase. 
Manganese (Mn) oxide nanoparticles which are silica-coated can be used to study 
the dynamics of the nerve cell and its function as Mn enters the neurons through 
channels reserved for Ca. This can help in measuring the rate of transport down the 
length of the axon. They can be used in cardiac MRI as cell entry and retention of 
Mn2+ceases early during ischemia which is resumed in viable cells on reperfusion. 
Mn2+ releasers may therefore be effective MRI markers of viability. These help to 
detect microthrombi in vulnerable plaques. Fibrin-targeted nanoparticles may help 
in detecting microthrombi in vulnerable plaques. T1WI image is acquired with tar-
geted fibrin-specific paramagnetic nanoparticles. Nanoparticles can also be used to 
detect and quantify angiogenesis in tumors by using nanoparticles targeted to αvβ3 
integrin. Transplanted labeled stem cells can also be monitored. The future of 
nanoparticles in MRI is bright. It will combine both detection and treatment into a 
single process. Nanoparticles coupled to the radio frequency of MRI can convert 
radio frequency into heat energy that kills the cancer cells. Hybrid contrast agents- 
PET marker (e.g., Cu64) can be added to an MR marker, creating an MRI/PET con-
trast agent.

For best MR images, contrast agents play an important role. They are evaluated 
on the basis of their relaxivities which determine the increase in relaxation rates of 
water protons. The relaxivities (r2) of the coated magnetic nanoparticles were mea-
sured in our laboratory (RSC), and the results obtained in our clinic (DP) showed 
that r2 of the Fe complex was higher than that of MRI contrast agent Gd-DTPA used 
in general clinics. The drug was conjugated to the Fe3O4 nanoparticles which can be 
used for various applications such as photodynamic therapy, hyperthermia, etc. 
Fe3O4 NPs coated with PEG polymer and photosynthesizer drug show a uniform 
size distribution. Polymer coating prevents oxidation and allows for conjugation of 
functional ligands with uniform size distribution. T2 is mainly influenced by outer- 
sphere processes. T2 relaxivity (r2) increases as the size is higher than that of bare 
Fe3O4 NPs. Figure  6 shows the T2-weighted MR images. The degree of the T2 
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Fig. 6 MRI images of Fe3O4, Fe3O4-PEG, and Fe3O4-PEG-drug for Fe conc. of 0.5, 0.2, 0.1, 0.075, 
and 0.0375 mM in water [14]

contrast effect is typically represented by the spin-spin relaxivity r2 (r2= 1/T2s−1), 
where higher values of r2 result in a greater contrast effect [14].

2.2  Ultrasonography

2.2.1  Principles

Ultrasound (USG) is a widely used imaging modality in medicine due to its several 
merits over other modalities like wide availability, adaptability, noninvasiveness, 
and real-time imaging.

For example, ultrasonic technology producing sonogram images in women gives 
details of the parts of the body being formed in the womb to the physician. 
Ultrasonography uses the interaction between sound waves and tissue surfaces to 
produce an image of the organ/tissue or, in Doppler modes, determine the velocity 
of moving tissue, primarily blood. The images obtained are real-time and dynamic, 
which are used to derive functional and structural knowledge about target organs. 
The confirmation of pregnancy, whether intra- or extrauterine, is done by USG. Fatal 
medicine is one area where radiology has shown to be of extreme importance, and 
the value it adds is only increasing day by day. Anomaly scans used to be earlier 
done around 16–18  weeks of pregnancy, but now the trend has changed. First- 
trimester anomaly scans have gained much importance. NT scans can pick up severe 
anomalies like anencephaly early in pregnancy and provide the mother as well as 
the family with emotional as well as physical trauma.

G. Rane et al.
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2.2.2  Applications of Nanotechnology in Ultrasonography

Most imaging modalities use contrast agents for certain studies to provide better 
results. Contrast agents have been extensively used in diagnostic ultrasound for 
detecting diseases as these tend to increase the reflected signal received from flow-
ing blood. In clinical ultrasound, the various applications of microbubbles in con-
trast studies like sono-hysterosalpingography have become extremely important. 
Microbubbles are small (typically 3 μm in diameter) gas-filled bubbles, which are 
surrounded by various shell materials like fats, surfactant polymers, etc. that are 
used as contrast in sonography [15]. They can be injected intravenously like in 
tumor vascularity assessment or introduced into certain body cavities like uterine 
instillation for determining fallopian tube patency or for evaluation of vesicoure-
teric reflux in children where microbubbles are injected into the bladder cavity [16]. 
According to several published studies, these techniques comparatively show high 
sensitivity and specificity than the conventional methods of X-ray micturating cys-
tourethrography (MCU) and hysterosalpingography (HSG), also eliminating the use 
of ionizing radiation in children and women planning a pregnancy [17].

Microbubbles resonate in an ultrasound beam, rapidly contracting and expanding 
in response to the pressure changes of the sound wave and enhancing both greyscale 
images and flow-mediated Doppler signals. But these conventional microbubbles 
have low stability and are larger in size which makes it difficult to exit vasculature. 
With the development of nanotechnology, nanoparticles seem to be a good tool for 
precise diagnosis and therapy especially due to their nanoscale properties. 
Microbubbles are predominantly used as blood pool agents, but they have a draw-
back due to their size. These are not able to permeate through blood vessels easily 
and thus may remain limited to certain investigations like those of the cardiac sys-
tem. Microbubbles are stabilized gas bubbles surrounded by shell materials like 
lipid, surfactant polymer, or other materials. They also have limited use in tumor- 
directed imaging due to their comparatively larger size than nanobubbles.

The size of nanobubbles is significantly smaller than microbubbles, in the range 
of 101–210 nm, thus increasing bioavailability and making it easier to exit vessels 
and enhance intratumoral distribution during the assessment of tumors. Also, in 
comparison to microbubbles, the surface area-to-volume ratio of nanoparticles is 
much higher when compared to that of traditional microbubbles [18–20]. Due to 
their structural arrangement, blood circulation times can be prolonged, and high 
accumulation time can be achieved in tumors [21]. Nanoparticles have been used 
for tumor analysis and therapy as well. Because of neovascularization, several new 
leaky vessels develop in tumors which can be targeted. These particles accumulate 
in tumors passively due to the increased permeability of vessels. Another way is to 
add ligands that can bind to specific target sites, avoiding normal tissue, for exam-
ple, delivery of drugs to cancer.

High-intensity focussed ultrasound (HIFU) is a noninvasive technique for thera-
peutic purposes which makes the use of ultrasound waves to ablate tissue by using 
the thermal and tissue-penetrating characteristics of high-intensity ultrasonic waves 

Imaging Modalities and Their Applications in Cancer Detection Using Nanomaterials

https://doi.org/10.1002/nano.202000035


10

which induce tissue coagulative necrosis. Nanoparticles have been used with HIFU 
to enhance the efficiency by deposition of thermal energy within deeper tissues.

In the case of chemotherapeutic drug agents, nanoparticles have been used to 
protect the drug from degradation by encapsulating and releasing it at the required 
location without compromising the efficacy. NPs are used as drug delivery systems, 
which can protect the drug from degradation by securely encapsulating it in their 
structure and releasing it at the tumor site under internal and external stimuli [22]. 
Figure 7 is the photograph of the USG machine being used in our hospital. Figure 8 
represents ultrasound images showing the differences in the contrast in the ultra-
sound images with and without the use of nanobubbles.

Fig. 7 Philips IU 22 X 
Matrix USG machine

G. Rane et al.
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Fig. 8 Ultrasound images of ONBs. No sample, tap water, and nanobubbles were compared. (a) 
Images with a 3–5  MHz transducer. (b) Images for a 6–9  MHz transducer. (c) Images with a 
6–15 MHz transducer [23]

2.3  CT Scan

2.3.1  Principles

Roentgen discovered X-rays in 1895. Immediately after his discovery, X-ray imag-
ing was invented. X-rays are emitted by scanners from various angles. In this tech-
nique, X-rays propagate through space as electromagnetic energy. During this 
process, while interacting with atoms, they either absorb or scatter. The difference 
between the X-rays absorbed by the body and X-rays transmitted through the body 
is measured by the detectors in the scanner and is termed attenuation. The amount 
of attenuation is determined by the density of the imaged tissue. For example, bone 
is high-density tissue, and hence, it absorbs maximum radiation, and the remaining 
reduced amount is detected by the scanner. On the contrary, low-density tissue such 
as the liver absorbs minimum radiation, and the bigger signal is detected by the 
scanner. Physicians see that radiation exposure from an X-ray is low to save damage 
to the radiated tissue. X-rays are commonly used to image bones and teeth and 
chests, dislocations, bone decay, etc.

Imaging Modalities and Their Applications in Cancer Detection Using Nanomaterials
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CT (computed tomography) scan is an advanced form of X-ray radiation. This 
technique uses multiple X-rays from various angles and positions and then forms 
a detailed image. Normal X-ray is a traditional 2D image, while the CT tech-
nique gives a 3D picture of diseased tissue. This helps to view images from dif-
ferent angles to diagnose the tumor clearly. A 3D image of the human body is 
generated by the use of advanced mathematical algorithms on a monitor as 
stacked images. CT scans (during surgical procedures) allow physicians and 
radiologists to identify internal structures and in turn, their shapes, size, density, 
and texture which is ultimately useful to the practitioners to monitor the exact 
location of the problem to give the best treatment. In an X-ray, the structures 
overlap; however, in a CT image, overlapping structures are removed. It differs 
from traditional X-rays.

Image of almost the entire body, from the neck to the thighs, can be created in a 
very short time. Hence, CTs are incredibly useful for diagnosing and staging can-
cer. Location of spread of cancer can be seen very effectively in the lungs, liver, or 
bone and is considered as the first choice to stage cancer. It is very effective for 
surveying the entire body to look for places where cancer has spread, such as the 
lungs, liver, or bone (Figs. 9, 10, 11, and 12). Many a time, CT is the first choice to 
stage cancer. But due to radiation problems, it is not advisable to have multiple 
CT scans.

Fig. 9 Siemens Biograph 64 SLICE PET-CT scanner PET-CT machine at Nanavati Max Super 
Speciality Hospital (previously known as Dr. Balabhai Nanavati Hospital). India’s first whole- 
body CT in the country

G. Rane et al.
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Fig. 10 CT scan of the abdomen and pelvis showing an inflamed appendix with wall thickening 
and surrounding fat stranding

Fig. 11 CT scan of the abdomen showing features of cholecystitis

2.4  PET Scan

2.4.1  Principles

Positron emission tomography (PET) is an excellent molecular imaging modality 
(nuclear imaging technique) and a minimally invasive imaging procedure with a 
wide range of clinical and research applications. PET enables the study of biologi-
cal function in both health and disease, in contrast to MRI and CT, which are more 
suited to study a body’s morphologic changes (functional MRI is an exception 
which is used to study certain brain functions by measuring blood flow changes). A 
defined quantity of radioactive dye is injected into a peripheral vein. The emitted 
radioactivity is detected when these radioactive particles are spread through the 
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Fig. 12 CT chest showing a large aortic aneurysm

body, and this information is used to see how the organs and tissue are functioning. 
The scanner picks up the particles in the affected organs and sends the images it 
captures to a computer that creates usable images for further studies. PET scans can 
help identify changes that occur at the cellular level. They can detect diseases before 
they are apparent on other imaging tests. The routine radiotracer used for clinical 
PET imaging is fluorine-18-fluoro-2-deoxy-D-glucose (F-18-FDG) which is a glu-
cose molecule with one oxygen substituted with radioactive F-18 (positron-emitting 
radioisotope). PET scans are generally used for illnesses related to the blood, organs, 
and brain to diagnose epilepsy and Alzheimer’s disease.

Generally, PET scan images are not well informative compared to images cre-
ated by MRIs or CT scans. A new hybrid PET-CT scan is available that combines 
the two techniques and creates a very detailed, accurate image to detect cancer.

2.5  PET-CT

2.5.1  Principles

A combination of PET scanner with CT scanner is a new nuclear medicine tech-
nique. PET-CT is a unique combination for cancer tumor detection. PET and CT 
provide qualitative and quantitative metabolic information of the tumor. PET pro-
vides metabolic information, while CT provides anatomic information. Thus, 
PET-CT has the ability to accurately localize increased radiotracer activity to spe-
cific normal or abnormal anatomic locations (REF1). PET-CT scans are widely used 
for evaluating the extent of disease and provide more accurate staging. Usually, this 
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combination is very useful for detecting and localizing lung cancers. The benefit of 
PET-CT is that it helps clinicians to assess structural as well as functional activity 
of organs and pathologies. A substance called a “tracer” contains glucose with a 
little bit of radioactive material attached before the test. This tracer acts like a dye 
for imaging (bright spot) and is safe for the patients. PET-CT scans are useful for 
the detection of brain diseases and heart problems.

2.6  Mammography

Mammography is a specialized breast imaging technique that uses low-dose X-rays. 
It is used for breast cancer screening as well as for diagnostic purposes when 
patients present with symptoms like a lump in the breast, nipple discharge, etc.

Mammography plays an important role in breast cancer screening and has been 
used in combination with ultrasound mammography for better detection. The breast 
tissue is compressed between two surfaces to evenly spread out the tissue. 
Mammography is one of the investigations used worldwide for breast cancer screen-
ing, and several guidelines have been laid down. They can help detect cancers of the 
breast even before they cause signs and symptoms. Mammograms have been shown 
to reduce the risk of death due to breast cancer.

 A. FFDM

FFDM (full-field digital mammography) is a technique that uses solid-state 
detectors which convert X-rays into electronic signals which are used to produce 
images of the breasts. These images can be printed on films or viewed on the com-
puter screen. Computer-aided detection (CAD) systems are especially useful for 
lesion pick-up. This helps by searching mammography images for the presence of 
abnormal areas of increased density, microcalcifications, or mass that may be suspi-
cious. It helps radiologists by bringing attention to an area that might have been 
overlooked.

Breast tomosynthesis is a technique similar to a CT scan where a series of slices 
are used to reconstruct a three-dimensional image of the breast. It is also known as 
three-dimensional mammography or digital breast tomosynthesis (DBT). This tech-
nique may be particularly helpful in small early breast cancers which may not be 
seen on conventional images or in dense breasts. Detection of multiple breast 
tumors, as well as better delineation of size, shape, and location of the mass, is bet-
ter with tomosynthesis.

 B. Diagnostic Mammography

Diagnostic mammography is used to assess a patient with symptoms/abnormal 
clinical findings, such as a breast lump or nipple discharge. Diagnostic mammogra-
phy is usually done after the initial screening mammogram, which is abnormal, for 
evaluating the area of abnormality in detail.
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3  Nanoparticles for Computed Tomography (CT)

CT scan is a widely used imaging mainly due to its low cost, easy availability, high 
spatial resolution, and less time. The basic principle of CT scan is attenuation of 
X-rays by different tissues and contrast agents. Since differential attenuation of 
X-rays is dependent on the mass density and the atomic number of various tissues, 
slight changes in the soft tissues might be difficult to detect, so we acquire good 
quality images. Barium sulfate suspensions and iodinated contrast agents are used 
as standard CT contrast agents mainly due to their high atomic numbers. Barium 
sulfate suspensions are used primarily for imaging the gastrointestinal system due 
to the toxic nature of barium ions. Iodinated agents, like iopamidol and iodixanol, 
are used as injectable CT contrast agents administered intravenously.

Nano-sized iodinated contrast agents have been introduced to overcome the limi-
tations of current CT contrast agents. These include micellar, polymeric, and lipo-
somal contrast agents. Nanoparticles due to their size prevent getting filtrated by the 
kidneys and thus have a longer circulation time. As the K-edge energy level of 
iodine is significantly lower than the energy of X-ray photons in CT, contrast agents 
based on heavy metals are used for more sensitive imaging.

The various nanoparticles being studied are gold-, tantalum-, tungsten-, and 
bismuth- based contrast agents. Gold nanoparticles have a K-edge energy level of 
80.7 keV and thus have a better contrast effect than iodine-based agents as well. 
Gold nanomaterials in various shapes such as spheres, rods, cages, and shells have 
been studied because of their excellent biocompatibility and facile synthesis [24, 
25]. Gold nanoparticles, 1.9 nm in size, produced by Nanoprobes Inc. were studied 
as an X-ray imaging contrast agent [26].

Gold particles have been used in the imaging of tumors and blood vessels less 
than 100 μm in diameter. Polyethylene glycol (PEG)-coated gold has also been 
developed. The gold nanoparticles accumulate in organs with rich RES like the liver 
and help in the diagnosis of hepatomas amongst normal liver tissue (Fig. 13). Gold 
nanoparticles have a drawback in that they are expensive to be used routinely. Work 
is being done towards finding cheaper alternatives. For instance, lanthanides have 
been used as CT contrast agents because gadolinium complexes have been used as 
MRI contrast agents in clinics. Other particles being studied are bismuth- and 
tungsten- based nanoparticles.

.

4  A Comparison of CT and MRI

Both CT and MRI devices have their own strengths in detecting and monitoring 
cancer and its stages. The radiologist uses the particular machine depending on 
which images of the parts of the body are to be imaged. The CT scan uses ionizing 
radiation using X-rays to capture 360-degree images of bones, organs, and tissues. 
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Fig. 13 CT images. Representative 3D-reconstructed whole-body CT images at 24 h following 
intravenous injection of (a–d) HB-Au-NPs and (e–h) Au-NPs are shown. The locations (arrows) of 
implanted human OE33 xenograft tumors are shown in the axial, sagittal, and coronal views. (i) 
Quantified results showed a mean value of 155.08 ± 14.94 HU for HB-Au-NPs and 90.47 ± 9.05 
HU for Au-NPs from n = 3 animals, p = 3.1 × 10−3 by unpaired t-test. (j) CT image of HB-Au-NPs 
and Omnipaque in vials at different concentrations, including 0 (PBS), 2.5, 5, 10, 15, and 25 mg/
mL). (k) Intensities increase linearly with the concentration of HB-Au-NPs, R2  =  0.99, and 
Omnipaque, R2 = 0.92 [27]

It is very much helpful to diagnose severe injuries of the chest, head, spine, frac-
tures, etc. since the creation of images takes a few minutes. Also, it is possible to 
pinpoint the location and size of the tumor. CT scans use ionizing radiation, and this 
might be some damage to DNA and, in turn, may cause a mild increase in the risk 
of cancer.

An MRI, however, often does a better job at diagnosing problems in the joints, 
soft tissues, ligaments, and tendons. It is an excellent tool for evaluating spinal liga-
ments. Unlike CT, an MRI scan, however, uses powerful magnets and radio waves 
to create the images. So, the patient is not exposed to ionizing radiation. The MRI 
applies a magnetic field to align protons of the body and radio waves in the form of 
short pulses to the protons in the body. 3D images of the infected organs are created 
by processing the signal with the help of a computer. The processing of the signal 
usually takes more than 30 min. Some cancers, such as liver, prostate, and uterine, 
which cannot be detected by CT, are detected by MRI scans.

Contrast dyes are commonly used in both CT scan and MRI before or during the 
procedure. This helps the radiologist see organs and pathologies with more clarity.
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5  Conclusion and Outlook

Molecular imaging is widely being used for quantitative noninvasive diagnosis of 
several clinical conditions, cancer staging, and quantification of biological pro-
cesses. Rather than using a single modality, a combination of different modalities 
always yields more information. Nanotechnology has provided hope of providing 
more useful molecular information, but the clinical applications are yet to be done. 
New and promising nanoparticles are being developed as new treatment options 
soon as carriers for drugs, therapeutic agents, or imaging agents provided all char-
acterizations including toxicity and efficacy studies are done on these newly devel-
oped nanomaterials so that human trials can be performed.
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Nanoparticles for Enhanced Radiotherapy 
and Imaging Applications

Danny Jian Hang Tng , Li Ming Chong , Melvin Lee Kiang Chua , 
Yong Zhang , and Ken-Tye Yong 

1  Introduction

Cancer is one of the leading causes of death globally; it is estimated that almost ten 
million deaths per year are attributed to cancer [1]. It is an increasingly difficult to 
treat disease, requiring a coordinated approach of multiple treatment modalities to 
achieve favourable outcomes. Radiotherapy  (RT) is one of the key methods by 
which cancer is treated. In radiotherapy, energy is applied in a targeted fashion to 
neoplastic cells, causing genetic material and organelle damage, thereby causing 
cellular death [2]. This energy may arise from an external source, such as a linear 
accelerator, which produces high-energy X-rays that achieves targeted  delivery 
using computer control to ensure maximal dosage at the tumour. Alternatively, the 
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energy can also arise from an internal source, such as  in molecular radiother-
apy (radionuclide therapy), where intravenously administered radionuclides, such 
as radium-223, undergo radioactive decay to produce short-range, energetic alpha 
particles at the site of the neoplasm. To achieve maximal damage to the tumour and 
concurrently  limit side effects from radiotherapy  treatment,  radiotherapy is often 
administered using conformal therapy. This is where the internal or external energy 
is administered in such a manner to maximize the energy dosage at the sites of dis-
ease, [3] while at the same time, minimizing energy dosage to  the neighbouring 
healthy tissues. Radiotherapy achieves its therapeutic effects by leveraging the dif-
ference in cellular repair when cancerous and healthy cells are exposed to radiation.
As  defective DNA repair mechanisms  are present in many cancerous cells,  the 
repeated radiation energy  exposure  would damage the  cellular genetic material, 
leading to cellular dysfunction and death, thereby eradicating the tumour [4]. On the 
other hand, healthy cells are less affected by radiation energy, as the DNA repair 
mechanisms are intact, allowing recovery if in between radiation dose sub-sessions 
or dose ‘fractions’. As a result, radiotherapy is often administered using fraction-
ated  dosing,  where the complete dose is administered over days to weeks. This 
allows healthy tissues to repair whilst still damaging the tumour cells. A balance 
often has to be derived during treatment. If the fractional dosage is too high, or if the 
fractions are too close to one another, higher tumour cell kill would be achieved, but 
this is at the expense of radiotoxicity in the healthy tissues. This is due to the cellular 
repair mechanisms within these healthy tissues not being able to keep up with the 
damage caused during treatment sessions [5].

In external beam radiotherapy, conformal therapy is achieved by shaping the 
delivered beam energy using a series of heavy metal collimators to absorb the out-
going beam in a manner whereby the healthy tissues are minimally exposed to the 
beam, whilst still maintaining the needed dose  at tumour sites for ther-
apy.  Additionally,  the beam can also be delivered from multiple angles, and its 
energy can be adjusted such that critical structures, known as the organs at risk 
(OAR), such as the heart, brain, or liver, are minimally dosed, whilst maintaining 
the required dosage for tumour treatment in the diseased tissue. This technique is 
known as modulated therapy, and many variations are available, such as volumetric 
modulated arc therapy (VMAT), intensity-modulated radiation therapy (IMRT), and 
stereotactic body radiation therapy (SBRT) [6, 7]. When applied optimally, this has 
allowed radiotherapy  to even achieve similar long-term outcomes as surgical 
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excision in the treatment of some cancers [8]. Besides controlling the direction of 
the beam, the dosage can also be adjusted based on the different penetration and 
dosing physics of the different particles used to deliver energy. For example, these 
particles can take the form of X-rays, protons, electrons, and heavy metal ions. Each 
particle exhibits  different tissue interactions, resulting in different dose distribu-
tions within tissues. The application of these different dose distributions allows the 
dosage to be adjusted for maximal tumour cell death [9]. The combined use of these 
techniques has allowed radiotherapy to be the choice of treatment for many different 
malignancies [10–12]. However, dosage to healthy tissue cannot be completely 
avoided, resulting in side effects after treatment of the adjacent tumour [13]. 
Similarly, in molecular radiotherapies, where the radioactive drugs are delivered 
systemically, damage to healthy tissues cannot be completely avoided  and side 
effects are similarly experienced by patients.

Nanoparticles and nanomaterials are an emerging technology which has signifi-
cant potential to address the challenges encountered in radiotherapy. This is in part, 
due to the discovery that nanoparticles made of high atomic mass elements, have 
been observed to exhibit unique physical phenomena when excited by an energy 
source. Some examples include scintillating or upconversion nanoparticles which 
can absorb the energy received from X-rays, protons, heavy ions, etc. and convert it 
into other forms of energies, allowing these materials to generate effects such as 
reactive oxygen species (ROS), which would result in tumour cytotoxicity. 
Alternatively, these materials can produce photons which can, in turn, activate con-
jugated photosensitizers to produce ROS to  illicit the same  antineoplastic effect 
[14–17]. This concept is known as radiodynamic therapy (RDT). This can be 
viewed as an extension to traditional photodynamic therapy (PDT), which makes 
use of external photonic energy to transfer energy to photosensitizers, which would 
cause increased oxidative damage to cancer cells. However, PDT is currently pri-
marily used to treat surface cancers such as skin tumours [18, 19] as its effect is 
limited to surface sites due to the penetration of visible range photonic energy being 
limited to several millimetres of tissue depth [20]. The application of nanoparticles 
pushes this concept to the next level, resulting in the creation of RDT, where 
these ROS producing nanoparticles can be activated using more deeply penetrating 
energies used in radiotherapies, such as X-ray and proton beam energies, which 
have greater penetration than visible range photons. Early studies in animal models 
show that the combined  tumour cytotoxic effects from these radioactivated ROS 
producing nanomaterials and external beam energy have the potential to achieve 
more favourable treatment outcomes than when used separately [21]. This would 
potentially allow greater treatment effects while not escalating the radiation dose. 
To further improve RDT, targeted delivery of photosensitizers into tumours is of 
paramount importance. This ensures the maximum antineoplastic effect when 
energy is delivered to the tumour. Nanoparticles have further enabled this in their 
role as targeted carriers for photosensitizers. This can be achieved through passive 
targeting, whereby the various physical properties such as the shape or charge of the 
nanoparticles can be adjusted to increase accumulation in tumours [22, 23]. 

Nanoparticles for Enhanced Radiotherapy and Imaging Applications



24

Alternatively, the flexible surface chemistry of nanoparticles also allows active tar-
geting, whereby the  nanoparticle surface is functionalized with tumour-seeking 
ligands which would exhibit increased uptake due to an overexpression of the 
receptors for these ligands in neoplastic cells [24]. These strategies have been dem-
onstrated with great effect in many animal models which show increased concen-
trations of photosensitizers in tumour sites, leading to an increase in cytotoxic 
activity after activation using external energy [25]. In terms of molecular radio-
therapy, nanoparticles have functioned as carriers for increased delivery of radionu-
clides to tumour sites and also retention structures for the still radioactive daughter 
nuclei. Retention enables the radionuclide effects to be prolonged and also enables 
multimodal therapies with other antineoplastic agents such as chemotherapeutic 
drugs [26]. Importantly, the application of these nanoparticles in radiotherapies has 
enabled the concurrent imaging of these tumours during treatment with the use of 
techniques such as bioluminescence, fluorescence, single-photon emission com-
puted tomography (SPECT), etc. In this chapter, the various methods by which 
nanoparticles are employed to improve therapeutics in radiotherapy using RDT, 
enhancing radionuclide therapies and also imaging applications for monitoring 
treatment response, are discussed (Fig. 1).

Fig. 1 Applications of nanoparticles in radiotherapy (Created in BioRender)
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2  Radiotherapy Concepts

2.1  X-Ray Beam Radiotherapy

Radiotherapy is one of the pillars of oncologic treatment since it was first intro-
duced two centuries ago [27]. Together with surgery and chemotherapy, many com-
bination treatment regimens have been devised using radiotherapy. Combination 
therapy regimens have demonstrated improved clinical outcomes by minimiz-
ing single treatment modality associated toxicities [28]. Radiotherapy can be used 
either for tumour eradication or as an adjuvant therapy to lower the risk of recur-
rence [29]. The most common form of radiotherapy today is external beam therapy, 
whereby an external beam is delivered to tumour cells to induce DNA damage, 
resulting in tumour cell death [30]. The most common form of beam energy used 
today are X-ray beams, but other beams such as protons, electrons, and heavy metal 
ions have also been used. In X-ray radiotherapy, a linear accelerator (LINAC) 
(Fig. 2a) is used to produce these X-rays by way of electromagnetic conversion, 
using internal collisions of electrons against a heavy metal target [31]. The energy 
and depth of penetration of these X-rays can be adjusted through the adjustment of 
various parameters of the LINAC, and the resultant beam can be shaped by using a 
heavy metal collimator (Fig. 2b) at the exit of the LINAC gantry to block the dose 
to unwanted areas of the patient’s body.

Though the collimator would shield much of the healthy tissues from unneeded 
exposure, there would still be many healthy tissues in the path toward the tumour. 
To further reduce radiotoxicity in healthy tissues, the beam is commonly delivered 
across multiple directions or ‘fields’ by rotating the gantry along its axis. During 
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Fig. 2 Schema for external beam therapy: (a) Diagram of a linear accelerator (LINAC) used in 
radiotherapy [32]. Jumeau R, Ozsahin M, Schwitter J, et al. Stereotactic radiotherapy for the man-
agement of refractory ventricular tachycardia: promise and future directions. Frontiers in cardio-
vascular medicine. 2020;7:108; licensed under a Creative Commons Attribution (CC BY) license. 
(b) Multileaf collimator located at the exit of the LINAC that is used to shape the outgoing X-ray 
beam [33]. Jeraj M, Robar V.  Multileaf collimator in radiotherapy. Radiology and Oncology. 
2004;38(3)
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Fig. 3 Rotational gantry used in intensity-modulated radiation therapy (IMRT) for the treatment 
of prostate cancer using X-ray beams. A schematic depicting the cross-section of a pelvis with a 
prostate tumour marked in red. The summation of multiple beams results in a radiocytotoxic dose 
at the site of the tumour whilst avoiding dosage to organs at risk marked in green and cyan

this rotation, the dose can be further adjusted by changing the intensity of the X-ray 
beam accordingly. This would be in addition to dynamically changing the shape of 
the collimator. An example would be intensity-modulated radiotherapy (IMRT) as 
depicted in Fig. 3, where prostate cancer is the target. It can be seen that the X-rays 
are delivered from different directions  intersecting at the tumor. This allows the 
tumour to be exposed to a high dose whilst enabling a steep dose gradient from the 
tumour to the normal tissue interphase, thus reducing the damage to normal tissues. 
IMRT is achieved using advanced computer simulations, automation, and planning, 
and there are several techniques for delivery [34]. There are several other similar 
approaches, such as helical techniques like volumetric arc therapy (VMAT), tomo-
therapy, and stereotactic body radiotherapy (SBRT), which leverages  on image 
guidance and optimal dose modulation to allow delivery of very large doses per 
treatment [35–38].

2.2  Proton Beam Therapy

Protons are the second most common beam energy used in radiotherapy. The allure 
of proton radiotherapy lies in its unique energy delivery distribution. Unlike X-rays, 
proton beams do not deliver energy past their peak dose, leaving all the tissues past 
the dose peak of the beam to be unaffected. This region of peak dose is called the 
Bragg peak [39]. Through the adjustment of the beam parameters, the placement of 
the Bragg peak can be placed strategically to maximally deliver energies to the 
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Fig. 4 Dosage distributions using different types of modulated proton beam therapies. (a) 
Schematic diagram of a pelvic cross-section showing a prostate tumour to be treated and the sur-
rounding organs at risk in the pelvis. (b) Passive-scattering proton therapy (PSPT) [42] and (c) 
intensity-modulated proton therapy (IMPT) [42]. Vanneste et al., BioMed research international, 
2016; licensed under a Creative Commons Attribution (CC BY) license

tumour whilst avoiding vital organs located past the Bragg peak. The energy distri-
butions can be appreciated in Fig.  4, which shows the different dosage patterns 
within the pelvis of a patient being treated for prostate cancer [40–42]. Figure 4a 
shows the prostate tumour to be treated with the femoral heads and rectum outlined 
as the organs at risk. Similar to X-ray therapy, proton beam therapy can be modu-
lated in various ways resulting in different dosage patterns, such as passive- scattering 
proton therapy (PSPT) (Fig.  4b) or intensity-modulated proton therapy (IMPT) 
(Fig. 4c). With these unique treatment profiles, proton therapies can sometimes pro-
duce better treatment outcomes than X-rays [43], especially in circumstances where 
the tumour to be treated is in very close proximity to an organ at risk [44].

2.3  Heavy Ion Beam Radiotherapy

Heavy ion beams have also been gaining attention for their utility to eradicate 
tumours. The field is very wide, and there are many different candidate heavy ions. 
Of these, carbon ion radiotherapy (CIRT) is one of the most widely studied. Heavy 
ions have a similar dosage profile exhibited by protons, having a Bragg peak-like 
distribution, with no dose past the peak. In addition, since carbon ions have a higher 
atomic number, these ions have higher momentum compared to protons, leading to 
reduced scattering and deflections during dosing. The result is a focused beam that 
does not deviate along the intended track, coupled with a higher linear energy trans-
fer (LET) compared with protons [45]. This allows CIRT to be potentially more 
biologically effective than protons for the same physical absorbed dose, and thus 
CIRT can confer a more pronounced tumour killing, even for radioresistant tumours 
[46–48].
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2.4  Molecular Radiotherapy (Radioisotope/
Radionuclide Therapy)

External beams are not the only avenue by which energy can be delivered to tumours 
to induce cytotoxicity. Another method involves the delivery of energy from within 
the body through the use of radioactive compounds which produce energetic alpha, 
beta, or gamma radiation on decay. One method by which this can be achieved is 
through the implantation of a sealed radiation source. This is known as brachyther-
apy and is used today for the treatment of many prostates and gynaecological can-
cers [49]. Radiation can also be administered intravenously; this is known as 
molecular radiotherapy or radioisotope therapy. The radioisotopes accumulate in 
the target tumours, undergo decay, and emit radiation causing cytotoxic damage 
[50]. Radium-223 is an example of a radionuclide used to treat cancer. It is a cal-
cium mimetic that is readily incorporated into bone tissue, making it ideal for the 
treatment of bone metastasis [51]. Radium-223 also has radionuclide properties, 
releasing short-range alpha particles which travel approximately 100 μm distances 
upon radioactive decay. These alpha particles are highly energetic, causing local-
ized double-stranded DNA breaks, thereby causing cancer cell death (Fig.  5). 
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Fig. 5 Schematic working principle of molecular radiotherapy/radionuclide therapy in the treat-
ment of metastatic bone disease. Radium-223, a radionuclide, undergoes radioactive decay, result-
ing in short-range alpha particles that cause damage to metastatic cells [53]. (This article was 
published in Journal of the Formosan Medical Association, 116(11), Cha T-L, Wu TT-L, Vogelzang 
NJ, et al., Optimal usage of radium-223 in metastatic castration-resistant prostate cancer, 825–836, 
Copyright Elsevier 2017)
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Phase-III trials have already been employed using molecular radiotherapy such 
as in the ALSYMPCA trial, which studied the efficacy and safety of radium-233. It 
showed that there was a survival benefit of 14.9 months versus 11.3 months when 
comparing treatment and placebo groups. Furthermore, radium-223 treatment 
groups showed patients had low myelosuppression rates and lower occurrences of 
adverse events [52].

2.5  Enhancement of Radiotherapy Using Nanoparticles

In the proceeding sections, it will be discussed in further detail how nanoparticles 
can help overcome the challenges faced in different aspects of radiotherapy. The 
physical properties of nanoparticles will be discussed in how the antineoplastic 
effects in each radiotherapy modality can be enhanced, resulting in improved tar-
geted therapies.

3  Photodynamic Therapy (PDT)

Photodynamic therapy is a treatment modality by which photosensitive compounds 
absorb energy from oncoming photons and create reactive oxidative species (ROS). 
The photonic energy causes the electrons within the photosensitizers to enter an 
excited state and subsequently return to their ground state via phosphorescence or 
oxidative pathways. In particular, these oxidative pathways would cause the genera-
tion of ROS in the form of superoxide anions [54] and triplet oxygen molecules 
[55]. These reactive species would cause free radical damage, resulting in tumour 
cell death [56]. The main mechanism of cellular destruction is through the disrup-
tion of cellular membranes, resulting in the dysfunction of many key structures such 
as mitochondria, lysosomes, and nuclear membranes [57–60]. In a sense, PDT is a 
form of photon beam therapy, where photons in the visible light range are used to 
activate photosensitizers and achieve tumour cell death.

The photosensitive compounds used in PDT contain naturally occurring com-
pounds such as chlorophyll, bacteriochlorophyll, and haem [61], which have excita-
tion wavelength ranging from 380 to 750  nm. This poses a major challenge, as 
photons in these wavelengths do not penetrate well into deep tissue [62]. Thus, 
treatment with compounds excitable in these ranges has limited ROS production 
capabilities at deeper ranges, as these wavelengths are strongly attenuated by the 
skin, resulting in reduced activation [20]. One of the ways which have been explored 
to overcome this limitation is through the use of more deep tissue penetrating pho-
tons, such as those in the near-infrared (NIR) region. Having a wavelength in the 
range of 700–1000 nm, NIR photons can penetrate up to a few centimetres within 
tissue to activate NIR photosensitizers using targeted photonic sources, providing 
highly conformal treatment to the intended site [63, 64]. From a practical 
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Fig. 6 Photons at different wavelengths and the corresponding penetration depths within the skin 
layers (Created with BioRender)

standpoint, this means that using NIR, lesions can be treated past the subcutaneous 
layer of the skin as opposed to only the epidermal region when using visible light as 
seen in Fig. 6.

4  Evolution of Photodynamic Therapy (PDT) to Deep PDT 
and Radiodynamic Therapy (RDT)

Nanoparticles provide an avenue of which to overcome one of PDT’s major limita-
tions, treatment depth. This is due to the fact that PDT uses photosensitizers which 
are activated by photons in the 380 to 750 nm wavelengths and are unable to pene-
trate deeper than 1 cm of the skin [20]. Thus, the application of PDT for deeper 
tumours is difficult. Unlike the usual photosensitizers used in PDT, nanoparticles in 
the form of upconversion or scintillating nanoparticles interact with more deeply 
penetrating photons such as X-rays, which are typically used in radiotherapy. The 
application of such nanoparticles in radiotherapy has resulted in new treatment tech-
niques such as deep PDT and radiodynamic therapy (RDT). In the proceeding sec-
tions, it will be discussed how nanoparticles gradually extended the range of 
treatment of PDT, from the invention of deep/near-infrared (NIR) PDT to that of 
RDT, which can potentially treat up to any depth of the body.

D. J. H. Tng et al.



31

4.1  Deep/Near-Infrared (NIR) PDT

Upconversion nanoparticles (UCNPs) are made of elements that can absorb lower 
energy photons and subsequently emit photons with higher energy after enough 
energy has been delivered to the nanoparticles. UCNPs can be doped with rare-earth 
lanthanides, which allow the absorption of deeper penetrating NIR photons and the 
subsequent emission of photons in the ultraviolet-visible (UV-vis) range. This is 
particularly attractive for deep PDT applications, as NIR photons, which have a 
wavelength of 700–1000 nm, can achieve a penetration depth of several centimetres 
into tissues, significantly extending the range of PDT into deep tissue [63, 64]. This 
mechanism occurs via three main pathways: excited-state absorption (ESA), energy 
transfer upconversion (ETU), and photon avalanche (PA). In both ESA and ETU, 
NIR photons will be absorbed by the UCNP which would enter an excited interme-
diate state, followed by emission of UV-vis photons in situ [65]. PA can be viewed 
as a combination pathway, where the absorbed NIR photons undergo ESA followed 
by a cross-relaxation process to neighbouring ions which also eventually results in 
the emission of UV-vis photons [66]. The efficiency of these UCNPs is determined 
by the type of lanthanide used, for instance, erbium, thulium, etc., where each lan-
thanide enters differing transition states with emissions of photons with different 
wavelengths [67–71]. These higher energy photons then subsequently activate pho-
tosensitizers within the nanoparticles such as zinc-phthalocyanine and chlorin e6, 
which would, in turn, produce ROS, similar to the classical PDT mechanism and 
thus confer cytotoxicity to tumour cells [72–75]. This is schematically illustrated 
in Fig. 7.

The potential of UCNPs for cancer treatment has been demonstrated by Zhang 
et  al. A superball nanostructure was fabricated, which consisted of two types of 
UCNPs that were activated by different wavelengths of NIR photons (Fig. 8a) [74]. 
The first set of UCNPs was activated by NIR photons at 980 nm wavelength which 
subsequently produced a red fluorescence. This in turn activated zinc- phthalocyanine 
photosensitizers which were conjugated to the nanoparticles to produce ROS to 

Fig. 7 Upconversion nanoparticles (UCNPs) and the mechanism of reactive oxygen species 
(ROS) generation after absorption of near-infrared photons. The UCNP electrons enter an excited 
state, and energy is transferred via fluorescence resonance energy transfer biosensor (FRET), 
resulting in the generation of photons that in turn activate conjugated photosensitizers (PS) for 
ROS generation
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Fig. 8 Multifunctional superball upconversion nanoparticles for deep PDT: (a) Schematic dia-
gram, (b) sequential activation showing the activation of siRNA release for knockdown of reactive 
oxidation species resistance followed by activation of photosensitizers for the production of reac-
tive oxidation species, (c) in vivo tumour volume following treatment in simultaneous activation 
and subsequent activation of the different UCNPs [74]. Zhang et al., Nature communications, 10, 
1, 2019; licensed under a Creative Commons Attribution (CC BY) license

induce tumour cell death. The second set of UCNPs were loaded with short interfer-
ing RNA (siRNA) and was used to knock out genes associated with protection 
against ROS damage, thus enabling such UCNPs to be even more effective for deep 
PDT. This was postulated to be due to overcoming possible acquired resistances by 
cancer cells against free radical damage [76, 77]. The release of these siRNAs was 
triggered by irradiating the nanoparticles with NIR photons at 808 nm wavelength, 
prior to activating them for deep PDT, thus first sensitizing them to ROS damage 
before the initiation of deep PDT (Fig. 8b). This stepwise/subsequent activation of 
the superball nanostructure UCNPs resulted in a higher proportion of tumour cell 
death than simultaneous activation in as quick as 5 days after treatment in mouse 
models (Fig. 8c). It can be seen that in addition to the multimodal treatment func-
tions endowed by nanoparticles as in the earlier studies using porphysomes, this 
study  further demonstrates  multimodal treatment using nanoparticles  to perform 
PDT and siRNA therapeutics. Furthermore, these UCNPs have also shown how the 
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depth of treatment of PDT was increased through the use of NIR photons, achieving 
a tissue penetration depth of up to twice that of visible range photons.

4.2  Nanoparticles for X-Ray Radiodynamic Therapy

The treatment of cancers up to several millimetres through the use of NIR PDT was 
a significant advancement, however there are many cancers within the body cavity 
that are located in regions NIR photons cannot penetrate. To enable deeper PDT 
applications, materials which are able to interact with more deeply penetrating ener-
gies such as x-rays are required. Lanthanide-doped nanoparticles  are one such 
example, being able to capture and convert X-rays to other wavelengths, further 
extending PDT depth. The absorbed X-rays are converted into optically visible pho-
tons through luminescence, which would, in turn, activate conjugated photosensitiz-
ers to produce ROS and thereby induce tumour cellular damage, enabling PDT at 
deeper depths [15]. This mechanism is known as X-ray excited optical lumines-
cence (XEOL), and it is the foundation of X-ray RDT. High atomic number ele-
ments such as lanthanides are key to this approach, as these materials have higher 
X-ray absorption [78, 79]. Together with the current state-of-the-art X-ray radio-
therapy and advanced conformal dosing techniques, X-ray RDT has the potential to 
revolutionize the treatment of cancer by providing highly targeted dosing whilst 
achieving tumour cytotoxicity multimodally by both ROS- and X-ray-induced cel-
lular damage.

To produce XEOL, X-ray RDT commonly utilizes scintillating nanoparticles 
(ScNP). Europium-doped sodium gadolinium fluoride (NaGdF4:Eu) nanoparticles 
are one such example [80]. The engineering of these scintillating nanoparticles is 
complex as there are many steps involved in converting the oncoming X-ray energy 
for luminescence. The absorbed X-ray energy within the nanoparticles can be fur-
ther scintillated to optical photons for luminescence imaging or drug activation. 
Briefly, scintillating mechanism can be split into three stages: conversion, tunnel-
ling, and emission. In the conversion stage, the absorbed X-ray energy gradually 
dissipates through excitation and ionization. Upon reaching a threshold, interband 
transitions occur, electron-hole pairs are created and thermalized in the respective 
conduction and valence band. In the tunnelling stage, these electron-hole pairs 
known as excitons, tunnel through the lattice structure of the nanoparticle. In the 
emission stage, these excitons are trapped in luminescence centres and undergo 
recombination to release optical photons. In the presence of fluoride anions, the 
highly energetic X-rays are able to displace them to create traps. The depth of these 
traps is dependent upon the anion’s displaced distance and the host crystal dopant 
[81, 82]. As the excitons get trapped and released gradually into the luminescence 
centre, the emission lifetime increases. This is known as persistent luminescence or 
the XEOL afterglow effect (Fig. 9).

A major hurdle in the early development of developing X-ray RDT is the effi-
ciency of the XEOL process. In NaGdF4:Eu  nanoparticles, europium and 
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Fig. 9 Mechanism of X-ray excited optical luminescence (XEOL) afterglow showing the three 
stages of conversion, tunnelling, and emission

gadolinium work in concert as energy acceptors and stabilizers for the energy trans-
mission from the oncoming X-rays to eventual optical luminescence [83]. The com-
bination of these two materials in a nanocrystal is important as it improves the 
overall X-ray scintillation yield from the lanthanide europium ion [84]. The addi-
tion of sodium yttrium fluorine  into the host crystal further enhances yield as it 
suppresses direct relaxation of excited electron states [85] and allows europium for 
partial f-orbital transitions to increase yield [80]. More recent approaches have even 
demonstrated that encapsulation of ScNP within fluorine-based shells such as 
sodium lutetium fluoride can further enhance XEOL [81, 86]. By the control of 
these shell parameters, the yield of these ScNPs could be further enhanced through 
the reduction of energy losses during the scintillating energy transfer process 
[87–89].

Beyond simply minimizing energy losses from the X-ray scintillation pro-
cess, the field of ScNPs have progressed to provide sustained luminescence, thereby 
providing sustained ROS production over time, even when the X-ray photon source 
has been switched off. This is termed the XEOL afterglow effect and it is dependent 
on the nanocrystal defect depths. As such, radiotherapy regimes could be modified 
to take advantage of this effect for potentially better clinical outcomes. The combi-
nation of radiotherapy and X-ray photon RDT in mouse models have been shown to 
produce synergistic effects compared to radiotherapy alone or RDT alone [90]. 
Figure  10a shows the bioluminescence images (BLI) of the mice models with 
H1299 tumours implanted into the lungs of the mice. The H1299 cells were 
luciferase- expressing, and a higher bioluminescence signal indicated the presence 
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Fig. 10 Photon RDT in mice models: (a) Bioluminescence images (BLI) of mice treated with 
X-ray photon RDT (X-PDT), radiotherapy (RT), MC540-SAO:Eu@mSiO2 nanoparticles, and 
control (PBS) on days 1, 7, and 12. (b) In vivo bioluminescent imaging showing tumour size at 
different time points. (c) H&E staining of organ tissues taken from the four groups; scale bars 
denote 100 μm [90]. Wang GD, Nguyen HT, Chen H, et al. X-ray induced photodynamic therapy: 
a combination of radiotherapy and photodynamic therapy. Theranostics. 2016;6(13):2295

of the tumour cells. In all treatment groups, the tumour’s growth was suppressed. 
On day 12, X-ray photon RDT (denoted as X-PDT in this study) induced much 
greater tumour suppression as compared to radiotherapy (RT) alone. This is further 
illustrated in Fig. 10b, which demonstrates the BLI intensities of the mouse models 
per day, showing complete tumour suppression in the X-ray RDT (X-PDT) group. 
The mice were also sacrificed at the end of treatment monitoring and assessed for 
systemic toxicities in their various organs as shown in the H&E staining as depicted 
in Fig. 10c. There was no histological evidence of organ injury as compared to the 
control group from X-ray RDT (X-PDT). These results demonstrated the potential 
of X-ray photon RDT to greatly suppress tumour growth whilst at the same time 
reducing systemic side effects.

Besides the generation of ROS using conjugated photosensitizers, there are sev-
eral types of nanoparticles that are capable of converting X-rays directly to ROS for 
cancer therapy. One such example are  copper-based copper-cysteamine (Cu-Cy) 
scintillating nanoparticles which  can absorb energy from X-rays and enter an 
excited state. Subsequently, relaxation of these excited states via multiple mecha-
nisms can occur within these nanoparticles back to its ground state without the need 
to pass energy to other ions within the nanoparticle. The final mechanism before the 
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electrons return to the ground state involves intersystem crossing with surrounding 
oxygen, thereby producing ROS directly in the process, without the need for a con-
jugated photosensitizer. Similar to lanthanide-based ScNP, when used in concert 
with RT, greater tumour suppression was achieved, with an observed time to tumour 
progression being three times longer as compared to with RT alone (30 days vs 
10 days) when tested in in vivo mouse models [21]. Using 2′-7’dichlorofluorescin 
diacetate (DCFH-DA) imaging to detect ROS, B16 cell cultures were incubated 
with Cu-Cy nanoparticles and irradiated with X-rays (Fig.  11a). In the cultures 
which were incubated with Cu-Cy nanoparticles, a green fluorescence signal was 
detectable where none was detected in the control which was incubated in PBS. This 
indicates that Cu-Cy nanoparticles were able to induce ROS formation without any 
conjugated photosensitizer. Similar to lanthanide-based ScNPs, Cu-Cy nanoparti-
cles were also able to produce ROS when conjugated with photosensitizers as seen 
in the bottom row of Fig.  11a. Photocatalytic ScNPs is another class of ScNPs 
which form ROS without the use of photosensitizers. Examples of these would be 
NaCeF4:Gd, Tb, and BiOI@Bi2S3 nanoparticles. The mechanism of these ScNPs 
differ from Cu-Cy ScNPs in that the energy from the incoming X-ray is passed 
directly to water molecules and this energy breaks the molecules down into ROS 
and also hydroxyl-free radicals using the  ScNP photocatalytic property, through 
hole and electron  interactions [91, 92]. These nanoparticles have shown similar 
tumour suppression capabilities as other ScNPs [91]. Another example would 
be Nanoscale metal-organic frameworks (MOFs) are also nanostructured scintilla-
tors that are  activated by X-rays. To absorb X-rays, these MOFs utilize heavy 
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Fig. 11 Other forms of scintillating nanoparticles in vitro. (a) 2′-7’dichlorofluorescin diacetate 
(DCFH-DA) imaging of X-ray photon-induced cell apoptosis using copper-cysteamine (Cu-Cy) 
scintillating nanoparticles and Cu-Cy conjugated with photosensitizers (Cu-Cy + X), with green 
fluorescence indicating the presence of ROS generation [21]. Zhang et al., Signal transduction and 
targeted therapy, 5, 1, 2020; licensed under a Creative Commons Attribution (CC BY) license. (b) 
γ-H2AX assay illustrating double-strand breaks in CT26 cells treated with metal-organic layer 
scintillating nanoparticles after X-ray photon irradiation, blue fluorescence denoting DAPI-stained 
nucleus and red fluorescence denoting antibody-labelled γ-H2AX indicating double-strand breaks 
in the cells. (c) The number of double-strand breaks per nucleus following treatment with metal- 
organic layer scintillating nanoparticles [97], Ni et al., Nature communications, 9, 1, 2019; licensed 
under a Creative Commons Attribution (CC BY) license

D. J. H. Tng et al.



37

transition metals which have a high atomic number, as was the approach used in 
lanthanide-doped ScNPs to induce X-ray photon scintillation [93–95]. When X-rays 
interact with these heavy transition metals, the metals act as electron pumps to trig-
ger conjugated photosensitizers in order to produce ROS for tumour killing activ-
ity. Additionally, through electron scattering effects, these MOFs are also able to 
directly generate reactive hydroxyl-free radicals without the assistance of conju-
gated photosensitizers. Therefore, MOFs are able to leverage on multiple mecha-
nisms by which ROS can be generated to induce tumour cytotoxicity. To enhance 
the yield of these ROS, the surface-area-to-volume ratio of these MOFs can be 
adjusted into ultra-thin two-dimensional sheets known as metal-organic layers 
(MOL) [95, 96]. In vitro imaging using γ-H2AX assays shows Hafnium (Hf)-based 
2,5-di(p-benzoate)aniline (DBA) MOLs causing double-strand breaks in HfO2-, 
Hf6-DBA-, and Hf12-DBA-incubated cultures denoted in red fluorescence after 
X-ray irradiation (Fig. 11b) [97]. It can be seen that with increased Hf or organic 
mass in these ScNPs, more double-strand breaks were induced, highlighting the 
potential for MOLs for X-ray activated cancer treatment (Fig. 11c).

Studies with nanoparticle facilitated X-ray RDT highlight the vast potential of 
these therapies for cancer treatment. One important limitation though is that, most 
of the current work on these approaches utilizes X-ray with kilovoltage energies 
[16, 98, 99], rather than megavoltage energies, of which the latter is more generally 
used in today’s radiotherapy regimes. It is not yet clear how megavoltage-energized 
X-ray will interact with ScNPs and if similar efficiencies for RDT can be achieved. 
In the effort to clinically translate these therapies, there have already been a few 
initial studies in this area, such as works done by Dou et al.15 and S Clement et al., 
who have demonstrated X-ray absorption is still possible using megavoltage pho-
tons, though more research is needed in these areas to determine their clinical trans-
latability [100].

4.3  Nanoparticles for Proton Radiodynamic Therapy 
(Proton RDT)

Energetic protons are also another modality by which cancer is treated in radio-
therapy. Similar to X-ray RDT, nanomaterials can be triggered to generate ROS using 
energetic protons for tumour killing as well. This is known as proton RDT, and 
using the unique dosage characteristics of protons in tissues, this can be used to 
strategically activate these nanomaterials  at tumour sites for highly conformal 
 therapies. Protons have been observed to interact with some nanomaterials to pro-
duce optical fluorescence, X-rays, gamma photons, and even secondary electrons 
[101–105]. The mechanism by which this occurs is via energy transfer from the 
irradiated protons to electrons within these nanomaterials. When energy is absorbed, 
the electrons move to an excited state and in so doing, causes a synchronous ioniza-
tion event whereby secondary  energetic electrons are produced. These energetic 
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electrons and/or secondary electrons would then undergo further ionization, colli-
sion, and phonon-coupling interactions within the nanomaterial. At some point, the 
remaining energy will match the luminescence centre’s energy level, whereby these 
centres relax and emit photons within the optical range [101].  Similar to X-ray 
RDT, the photons would then activate conjugated photosensitizers to produce ROS 
for tumour cytotoxic effects. To increase the probability of such interactions and 
subsequent luminescence, high atomic number elements are again preferred for the 
fabrication of nanoparticles for proton RDT, as these elements would have a higher 
secondary electron yield [105, 106].

Proton RDT is relatively new, and there are only a few studies on this topic at the 
moment. This effect was recently demonstrated by Grigalavicius et  al. in which 
protons were used to activate different photosensitizers to produce ROS and fluores-
cence [107]. Figure  12a–c shows the proton-induced fluorescence in meta- 
tetra(hydroxyphenyl)chlorin (mTHPC), protoporphyrin IX (PpIX), and erythrosin 
B photosensitizers after exposure to a proton beam, respectively. It can be appreci-
ated that these fluorescence signals approximately follow a Bragg peak distribution, 
similar to that of proton dosing within tissues. The dosage and subsequent fluores-
cence were confined to the proximal region, and no distal signal was observed. 
Thus, in practice, this profile can be tuned in such a manner whereby the proton 
dosage is only at the tumour, causing maximal fluorescence generation at that 
region, whilst sparing the distal regions from any dosage and subsequent toxicities. 
Additionally, it was observed that different photosensitizers resulted in different 
fluorescence patterns. For instance, mTHPC displayed a tight and shallow distribu-
tion, whilst erythrosin B exhibited a wider and deeper distribution. This suggested 
that the adjustment of different photosensitizers in proton RDT could be used to 
shape the dosage according to the tumour size. Singlet oxygen generation was 
detected via the fluorescence measurement of photoprotoporphyrin, the photoprod-
uct of PplX, after proton beam exposure. Upon addition of an oxygen scavenger, 
1,4-diazabicyclo [2.2.2] octane (DABCO), a drop in the spectral intensity was 
observed, indicating no photoproduct being produced (Fig. 12d). To illustrate the 
tumour-killing potential of this approach, M059K glioblastoma cells were treated 
in vitro using cercosporin photosensitizer and proton irradiation. Compared to the 
cultures using proton irradiation alone, it was noted that the effect of the ROS gener-
ated from the photosensitizers resulted in up to 40% increased tumour toxicity, thus 
highlighting the potential of proton RDT for cancer therapies. The advantage of 
using protons in such an approach over the more popular X-ray is to leverage upon 
the Bragg peak property seen with proton dosing and synergize the activation of 
photosensitizers in these areas. Nanoparticle approaches for proton PDT can incor-
porate high atomic number elements.

Nanoparticle approaches which incorporate high atomic number elements such 
as gold have also been investigated for radiosensitization for proton therapy [108]. 
Charnay et al. have demonstrated this approach using large 50 nm gold nanoparti-
cles and the administration of a proton beam at 200 MeV to CHO-K1 cells. Upon 
incubation, these nanoparticles were confirmed to be internalized into CHO-K1 
cells using transmission electron micrographs. The gold nanoparticles were 
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Fig. 12 Proof of concept of proton-induced fluorescence. (a–c) Fluorescence images captured 
during proton irradiation superimposed with yield heat map representations of the fluorescence 
emission from different photosensitizers. (a) Meta-tetra(hydroxyphenyl)chlorin (mTHPC). (b) 
Protoporphyrin IX (PpIX). (c) Erythrosin B. (d) Fluorescence spectra at 405 nm excitation show-
ing protoporphyrin IX (PpIX) photoproduct (photoprotoporphyrin) production after proton irradia-
tion with and without singlet oxygen-specific scavenger 1,4-diazabicyclo[2.2.2]octane (DABCO). 
(e) Cell death in glioblastoma M059K cell lines using cercosporin photosensitizer and proton 
irradiation (pink) versus proton irradiation alone (grey) [107]. Grigalavicius et al., Nature com-
munications, 10, 1, 2019; licensed under a Creative Commons Attribution (CC BY) license
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Fig. 13 Uptake of AuNPs into CHO-K1 cells and subsequent irradiation with protons. (a) 
Transmission electron micrograph (TEM) of AuNP showing random localization within vacuoles 
of the cells and (b) TEM showing AuNP incorporated into the nuclear membrane and (c) surviving 
fractions of CHO-K1 cell cultures after treatment using both protons versus protons with AuNPs 
[108]. Cunningham C, De Kock M, Engelbrecht M, Miles X, Slabbert J, Vandevoorde 
C. Radiosensitization Effect of Gold Nanoparticles in Proton Therapy. Frontiers in public health. 
2021;9; licensed under a Creative Commons Attribution (CC BY) license

observed to be randomly distributed in the cell vacuoles (Fig. 13a) with a number of 
particles being located close to critical structures in the cell such as the nuclear 
membrane (Fig. 13b). To examine the effect of such nanoparticles in the context of 
proton therapy, CHO-K1 cell cultures were incubated with these AuNPs and given 
varying doses of proton beams from 2 Gy to 8 Gy. This was compared to cultures 
irradiated to proton beam alone, and it was seen that in the cultures which were 
incubated with AuNPs, an increased proportion of tumour cells were killed at all 
dosages. These results show the radiosensitizing effect of AuNPs.

4.4  Ion Beam Radiodynamic Therapy (Ion Beam RDT)

With the gaining popularity of ion beam therapy for treatment and as facilities are 
increasingly being built across the globe in recent years, researchers have also 
begun to incorporate nanoparticle technologies into ion beamlines [108, 109]. The 
physical mechanism underlying ion-activated luminescence (ionoluminescence) 
differs from X-ray-excited optical luminescence (XEOL). These positively charged 
ions interact with the target nanoparticle’s ionic/atomic electronic structure via 
inelastic Coulomb scattering. The targeted ions/atoms get ionized and eject 
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secondary electrons, which in turn serve as electron pumps to either excite simple 
sensitizer-emitter pairs or produce excitons. This is similar to the conversion pro-
cess in X-ray scintillation, for luminescent emission. This effect was demonstrated 
by Mi et  al., where nanodiamonds were irradiated with helium ions to produce 
luminescence (Fig. 14a) versus that of standard 543 nm photons (Fig. 14b). It could 
be seen that the ionoluminescence imaging had increased resolution compared to 
photons [109]. Next, the nanodiamond’s (ND) capability in radiosensitization of the 
cancer cells was also demonstrated through incubating hepatoblastoma cell cultures 
with NDs and irradiation with different dosages of protons compared to cultures 
without NDs. 3D microscopy confocal images were taken and analysed for their 
foci counts of γH2AX (Fig. 14c) and 53BP1 (Fig. 14d). Comparing the cultures 
which were treated with radiation only (denoted by “-”) with the cultures which 
were treated with both radiation and NDs (denoted by “+”), it was observed that the 
inclusion of NDs did not provide any additional radio-enhancement. NDs thus were 
not able to provide any additional cytotoxic effect but did improve imaging 

Fig. 14 Luminescence imaging of nanodiamond (ND) clusters and radiosensitization effects in 
cancer cells. (a) Ionoluminescence using MeV helium ion beam, (b) photoluminescence using 
543 nm confocal laser, (c, d) fluorescence microscopy of hepatoblastoma cells with foci counts per 
nucleus of (c) γH2AX and (d) indicating DNA damage after exposure to different doses of protons 
with (+) and without (−) nanodiamonds [109]. Mi Z, Chen C-B, Tan HQ, et al. Quantifying nano-
diamonds biodistribution in whole cells with correlative iono-nanoscopy. Nature Communications. 
2021;12(1):1–9.; licensed under a Creative Commons Attribution (CC BY) license
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capabilities significantly, which demonstrated one of the imaging capabilities of 
such nanoparticles. Nanoparticle-enhanced ion beam therapy is still emerging, and 
more research in this area are expected to improve these effects.

5  Nanoparticle-Enhanced Molecular Radiotherapies

Molecular radiotherapies involve the use of intravenously administered radionu-
clides. These therapies work by leveraging on the radioactive elements’ decay, pro-
ducing high-energy by-products such as alpha, beta, or gamma radiation. These 
high energy particles induce damage to the genetic material in cancer cells, thereby 
causing cellular death. Furthermore,  during decay, daughter nuclei are also pro-
duced which are also radioactive and are able to similarly emit high energy parti-
cles. These daughter products may exit the sites of treatment, subsequently causing 
radiotoxicity to the surrounding healthy tissues. Nanoparticles can significantly 
enhance molecular radiotherapies by not only functioning as delivery carriers of 
these radionuclides to tumour sites, but also function as retainment structures for the 
daughter products formed from initial decay. This allows the high energy particles 
produced from radioactive decay of these daughter nuclei to continue to cause cyto-
toxic damage to tumour cells and also simultaneously limits toxicity to the adjacent 
healthy tissues. One recently investigated approach involves the use of lanthanide 
phosphate nanoparticles to carry radioisotopes such as radium-223 for the treatment 
of bone metastasis. The nanoparticles consisted of a lanthanide phosphate core with 
two outer lanthanide shells. The nanoparticle core alone was observed to be able to 
retain up to 88% of radium-223 over 35 days. With the addition of the outer lantha-
nide shells, this was improved to >99% over 27 days, potentially significantly limit-
ing the damage to surrounding healthy tissues. In addition, the daughter nuclei, lead 
211, was also shown to be retained at similar rates, allow for further radioactive 
decay products to act at the tumour site [110]. Like calcium, lanthanides are bone 
seekers and intrinsically accumulated at bone sites [111]. These have been used 
widely in many applications for imaging and oncologic therapy such as for the treat-
ment of bone metastasis [112]. There have also been similar methods using an addi-
tional gold shell (Fig. 15), which also show the capability to retain their radioisotope 
cargo and the daughter by-product francium 221 [113].

Fig. 15 An idealized schematic of a four-shell LnPO4 NP containing 225Ac in the core
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Nanoparticles have also shown enhancement of radionuclide therapy through the 
concurrent delivery of other chemotherapeutic agents for increased tumour cytotox-
icity. Chen et  al. have demonstrated this concept using bone-seeking albumin- 
gadolinium oxide nanoparticles loaded with both radioactive iodine and doxorubicin, 
a chemotherapeutic agent (Fig.  16a) [26]. These nanoparticles were surface- 
functionalized with bisphosphonates which endowed these particles with bone- 
seeking properties. Once internalized by the metastatic cancer cells in the bone, 
cytotoxicity is achieved via two mechanisms: radiotoxicity from the beta particles 
produced by iodine-131 (131I) radionuclide decay and chemocytotoxicity from 
doxorubicin (DOX). This allowed the tumours to be treated multimodally, which 
produced enhanced cytotoxic effects. Metastatic bone animal rat models were 

Fig. 16 (a) Schematic diagram and working principle of nanoparticle system for co-delivery of 
radionuclides and chemotherapeutic agents. (b, c) Micro-CT image of rat tibias receiving different 
nanoparticles, (b) 131I-ALN-GDOX, (c) ALN-GDOX, and (d) in vivo single-photon emission com-
puted tomography (SPECT) [26]. (Reprinted (adapted) with permission from Chen Z, Yu H, Lu W, 
Shen J, Wang Y, Wang Y. Bone-seeking albumin-nanomedicine for in vivo imaging and therapeutic 
monitoring. ACS Biomaterials Science & Engineering. 2019;6(1):647–653. Copyright © 2020, 
American Chemical Society)
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treated with these nanoparticles and evaluated for their effects after 15 days of treat-
ment. Micro-computed tomography images were taken of the femurs of the mice to 
visualize the extent of bone lysis from the metastatic bone deposits. Rats treated 
with DOX-loaded nanoparticles alone showed increased osteolysis and decreased 
bone density as compared to rats who were treated with nanoparticles with both 
iodine-131 and DOX (Fig. 16b, c). Lastly, the inclusion of iodine-125 enables these 
particles to be multifunctional, allowing single-photon emission computed tomog-
raphy (SPECT) to be performed (Fig. 16d).

6  Tumour-Seeking Nanoparticles for Tumour Monitoring, 
Diagnostics, and Radiotherapy

It has been extensively discussed in this review how existing radiotherapy tech-
niques can be enhanced with nanoparticle technology. Through the synergy of 
external beam radiotherapy and photosensitizers to produce cytotoxic ROS, 
enhanced tumour damage is possible. However, this was predicated that the photo-
sensitizer would have been present in sufficient concentrations at the tumour site. To 
this end, the delivery of these photosensitizers is essential for the success of PDT 
and RDT. Furthermore, imaging techniques enabled by these nanoparticles are also 
crucial to this effort to confirm the delivery of these photosensitizers prior to the 
initiation of therapy. Ideally, these nanoparticles should be tumour-seeking and 
achieve selective delivery to tumours, thereby allowing for the concurrent diagnosis 
of the tumour and treatment using nanoparticle-enhanced radiotherapies as dis-
cussed in the previous sections. The classic approach of achieving this was through 
the conjugation of these photosensitizers to biomolecular carriers to improve uptake 
to tumour sites; however, this afforded no diagnostic advantage, and it would be 
challenging to confirm the delivery of the photosensitizers to the tumours.

More recently, the usage of nanoparticles as nanocarriers of these photosensitiz-
ers has gained increased traction as they have shown to have several advantages over 
simple conjugation-based approaches [114]. These nanocarriers have been shown to 
increase the concentration of the required photosensitizers at the intended sites [20]. 
This would translate to greater effects when the external beam energy has been 
applied. Furthermore, these nanoparticles can be loaded with specialized imaging 
components such as fluorescent agents, gadolinium contrast compounds, etc. for 
imaging purposes. Nanoparticle-enhanced delivery can result from two main mech-
anisms. The first of which would be targeting of the tumour via active targeting with 
tumour-specific ligand/receptor-mediated uptake mechanisms or via passive target-
ing with the enhanced permeability retention effect. The second method is via pro-
longing the circulation time or the half-life of these photosensitizers through 
nanoparticle encapsulation, thereby increasing chances of uptake in tumour sites, 
thereby conferring increased radio-cytotoxicity effects upon photon or proton beam 
irradiation. Therefore, nanoparticles are a powerful tool by functioning as a targeted 
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photosensitizer delivery vehicle and also to perform tumour-specific imaging, both 
for diagnosis of the tumour and also the confirmation of the uptake of photosensitiz-
ers prior to the commencement of radiotherapy.

6.1  Passive Targeting: Preferential Accumulation

Cancerous tissues behave very differently from healthy cells. Chief amongst these 
differences is that most cancers have disordered proliferation, ignoring regular pat-
terns of growth, multiplying rapidly, and also ignoring tissue boundaries. Thus, can-
cerous tissues tend to possess aberrant angiogenesis and disordered growth, resulting 
in disordered vasculature and drainage. This would result in the preferential reten-
tion and penetration of certain small molecules and particles. This effect is known 
as the enhanced permeability and retention effect (EPR) [115]. By tuning the vari-
ous physical properties of these nanoparticles, such as their shape, size, surface 
charge, etc., it is possible to enhance the accumulation of these nanocarriers within 
tumours. The subsequent imaging of these nanocarriers and also allowing the local-
ization of these nanocarriers into tumours for irradiation to trigger the aforemen-
tioned cytotoxic effects for tumour treatment.

One of the most prominent nanoparticle-based carriers today are lipid nanopar-
ticles (LNP), which have gained in popularity in the past 3 years due to the global 
COVID-19 pandemic. LNPs have been used as a delivery vehicle for mRNA thera-
peutics to great effect in the form of mRNA vaccines [116]. These are vaccines 
against the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the 
etiological pathogen of COVID-19 [117]. LNPs are well studied for their ability to 
deliver small molecules, with various clinical trials reporting their efficacy and 
safety [118]. There is huge interest in appropriating these findings and technology 
for use in other areas such as in oncology, where there has been a slow push for 
making therapeutic vaccines against specific cancers to improve clinical outcomes 
[119]. The area of LNPs is highly diverse, consisting broadly of crystalline and non- 
crystalline LNPs, each with its own advantages and disadvantages. One potential 
candidate which can fulfil the needs for targeted delivery and bioavailability are 
polymeric LNPs. These are nanoparticles that consist of a polymer core and a phos-
pholipid exterior [120]. The synthesis of these polymeric nanoparticles can be 
highly controlled using a microfluidic technique, allowing their physical properties 
such as shape and size to be tightly regulated [121]. When produced in specific 
sizes, polymeric LNPs have been shown to have preferential uptake in tumour tis-
sues, allowing for passive targeting of disease sites [22, 23]. These LNPs can also 
be further modified with surface functionalization of its phospholipid exterior with 
cell-specific antibodies/proteins, allowing them to be more targeted to cancer cells. 
Furthermore, polymeric LNPs have been shown to have longer circulation times, 
lasting several days within systemic circulation before degradation, allowing the 
successful delivery of its payload to required sites. Lastly, the safety of these poly-
meric LNPs has also been well studied; all their structural components have received 
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approval from several government bodies such as the United States Food and Drug 
Administration (US FDA) for use in medical therapies [122]. These lipid polymeric 
nanoparticles are also prime vehicles by which radiosensitizers can be loaded and 
thus be delivered to specific sites within the body. As demonstrated by Tng et al. 
[23], these lipid polymeric nanocarriers can be easily synthesized into different 
sizes, which exhibit differential uptake rates in different  3-dimensional 
tumours spheroids in vitro. This was further demonstrated by Homan et al. [123]; 
in  vivo,  where the injection of polymeric nanoparticles of different molecular 
weights resulted in different rates of retention as illustrated in Fig.  17. It was 
observed that the 10kDa nanoparticles produced the most tumour selective accumu-
lation as compared to no accumulation seen in the 1kDa nanoparticles and the non-
specific accumulation in the larger 60 kDa nanoparticles after 24 h. These studies 
highlight the ability of nanoparticle systems to passively target tumours for concur-
rent imaging and therapeutic  applications. The imaging capabilities would allow 
for diagnostic visualization of the tumour prior to radiotherapy administration or for 
interval imaging to monitor the progress of treatment.

Besides specific imaging of the tumour for diagnosis and monitoring, the selec-
tive delivery characteristics of nanoparticles can be used for concurrent targeted 
nanoparticle enhanced therapeutics as well. Thierry et al. have demonstrated the use 
of lipid nanoparticles to deliver verteporfin photosensitizers for PDT in ovarian can-
cer animal models [124]. These nanoparticles were approximately 50 nm in diam-
eter, and using a lipid fluorescent marker tagged to these lipid nanoparticles for 

Fig. 17 Tumour targeting efficiency of PEG-ZW800s nanoparticles after intravenous injection of 
different sized nanoparticles showing the near-infrared imaging of tumour-bearing mice models at 
different timepoints [123]
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Fig. 18 (a) Verteporfin-loaded lipid nanoparticles in SKOV3 spheroids, (b) mice with SKOV3 
tumour implants injected intravenously with NLC LipImage, fluorescence imaging showing the 
distribution of LNPs and (c) fluorescence imaging on isolated organs after 24 h of intravenous 
injection of NLC LipImage [124]. Michy T, Massias T, Bernard C, et al. Verteporfin-loaded lipid 
nanoparticles improve ovarian cancer photodynamic therapy in  vitro and in  vivo. Cancers. 
2019;11(11):1760; licensed under a Creative Commons Attribution (CC BY) license

imaging of the tumour, they were first shown to exhibit uptake in vitro by tumour 
spheroids (Fig. 18a). Thereafter, these nanoparticles were administered into tumour- 
bearing mice for concurrent imaging and treatment using PDT. Figure 18b depicts 
the preferential uptake of the nanoparticles into the site of the tumour and also the 
liver, 24 h after administration. Ex vivo fluorescence imaging of the animal organs 
(Fig. 18c) showed significant uptake of the LNPs and the co-encapsulated vetepor-
fin photosensitizers into the tumour, whilst the majority of the other visceral organs 
demonstrated significantly lower uptake of LNPs. Of note, though the liver showed 
the highest relative uptake in this study, in PDT, treatment sites can be controlled by 
the targeted photonic exposure of the tumor site only, thereby reducing radiotoxicity 
to the liver, making nanoparticle enhanced PDT a highly conformal treatment.

6.2  Active Targeting via Ligand/Receptor Interactions

Neoplastic cells also exhibit distinct cell surface biology compared to healthy cells. 
For example, neoplastic breast cells have been known to upregulate several surface 
receptors such as HER2, BRACA, and ER. These upregulated receptors have been 
used to selectively target these cancer cells using various chemotherapeutic drugs 
[125]. In the same vein, the binding ligands to these receptors can be functionalized 
onto the nanocarrier surfaces, which would, in turn, cause preferential uptake into 
these cancerous cells, which would subsequently release photosensitizers for 
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PDT. This approach has been demonstrated by Kathrin et al., who used spermine 
and acetal-modified dextran (SpAcDex) nanoparticles to deliver photosensitizers to 
tumour sites [126]. SpAcDex nanoparticles have high encapsulation efficiencies of 
photosensitizers and can even transport hydrophobic photosensitizers such as 
5,10,15,20-tetraphenyl-21H,23H-porphyrin (TPP). These hydrophobic sensitizers 
would otherwise have poor uptake at tumour sites due to their poor water solubility 
[127]. Kathrin et  al. have shown that through the use of folate-functionalized 
SpAcDex nanoparticles, uptake of TPP into human KB cells was enhanced. These 
cells are of cervical cancer origin and have upregulated folate receptors [24]. This 
resulted in an increase in uptake of folate-functionalized SpAcDex nanoparticles 
and the subsequent internalization of TPP, thus achieving targeted delivery to these 
cancerous cells [126]. The incorporation of folate groups increased delivery of these 
nanoparticles after 6 hrs and 24 h, seen on fluorescence imaging of KB cells as 
illustrated in Fig. 19. Further irradiation with a light source after delivery showed 
that photocytotoxic effects were achieved, showing the effectiveness of these 
nanoparticles as targeted delivery systems for PDT.

This concept was further demonstrated in vivo using animal mouse models. 
Hyaluronic acid (HA) was used as a ligand to target cancers which overexpress 
CD44 and hyaluronic acid-mediated motility receptors (RAHMM) [128, 129]. 
These receptors are commonly overexpressed in many solid organ tumours [72]. 
This property can be exploited for nanoparticle ligand-mediated targeted delivery of 
photosensitizers. HA has been shown to have increased uptake in these cells, mak-
ing HA-based nanoparticles a good candidate for targeted therapies [130]. 
HA-coated nanoliposomes loaded with doxorubicin have been shown to have 
increased uptake in human xenograft mouse models and minimal uptake in control 
models without the disease. Using this approach, HA-functionalized nanoparticles 
have been used to deliver photosensitizers for PDT. Gao et  al. have shown how 
photosensitizer-loaded manganese dioxide nanoparticles modified with HA (ICG- 
HANP/MnO2 (IHM) nanocomplexes) were able to have preferential accumulation 

Fig. 19 Confocal imaging of human KB cells incubated at different time points with SpAcDex 
nanoparticles loaded with 5,10,15,20-tetraphenyl-21H,23H-porphyrin (TPP) photosensitizers 
[126]. Butzbach K, Konhäuser M, Fach M, et  al. Receptor-mediated uptake of folic acid- 
functionalized dextran nanoparticles for applications in photodynamic therapy. Polymers. 
2019;11(5):896; licensed under a Creative Commons Attribution (CC BY) license
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within tumour-bearing mouse models whilst having minimal accumulation in other 
sites other than the liver (Fig. 20a) [25]. Thereafter, ultrasound imaging noted an 
increased generation of ROS in these tumours after photoactivation, conferring sig-
nificant photocytotoxic activity to the tumour compared to the control tumours 
(Fig. 20b), thus illustrating how nanoparticle facilitated active targeting can be used 
to enhance the PDT effects in tumours while limiting systemic toxicity.

6.3  Crossing Physiological Barriers

In several sites within the body, drug delivery is severely limited due to physiologi-
cal barriers restricting the free passage of substances. One such example is that of 
the blood-brain barrier, which restricts the delivery of photosensitizers via simple 
intravenous administration [131]. Nanoparticle systems such as mesoporous silica 
(MSN) have great potential to function as such delivery vehicles to these privileged 
sites as they can be surface modified with molecules such as polyethylene glycol 
and poly(ethylenimine), which not only allows it to cross the blood-brain barrier but 
also reduces non-specific protein binding sequestering by the RES system [132–
134]. The loading efficiency of these nanoparticles is important, as a larger amount 
would more easily reach the therapeutic concentration after crossing the physiologi-
cal barrier. Silica-based nanoparticles are widely known for their biocompatibility 
and drug loading efficiency [135, 136]. In particular, MSNs are able to accommo-
date drug weights of up to 60% of the nanoparticle weight [137]. This is due to the 

Fig. 20 Noninvasive in vivo imaging monitoring the tumour accumulations of ICG-HANP/MnO2 
(IHM) nanocomplex. (a) NIR fluorescent imaging of intravenously injected IHM accumulation in 
SCC7 tumour-bearing mice at different times. Arrows indicate the location of the tumour. (b) 
Photoacoustic imaging of intravenously injected IHM accumulation in SCC7 tumour-bearing mice 
at different times. (c) Ultrasound imaging monitoring the generation of oxygen in tumours after 
intravenously injected IHM [25]. This article was published in Biomaterials, 112, Gao S, Wang G, 
Qin Z, et  al., Oxygen-generating hybrid nanoparticles to enhance fluorescent/
photoacoustic/ultrasound imaging-guided tumour photodynamic therapy, 324–335, Copyright 
Elsevier 2017
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sponge-like structure of MSNs allowing the drugs to be loaded within the pores 
[138]. Being internalized within the MSN, the photosensitizers can be shielded 
from the host environment, allowing them to maintain their functional capabilities 
longer, due to reduced photosensitizer degradation [139, 140]. Brezániová et  al. 
have demonstrated that silica-based nanoparticles (Fig. 21a) were able to deliver 
temoporfin photosensitizers across the blood-brain barrier in mouse models [140], 
demonstrating their potential for use in the treatment of tumours in such privileged 
locations through the use of optical fibres, as demonstrated by Teh et al. (Fig. 21b, 
c) [141].

7  Conclusion

Nanoparticles have unique physical interactions with the energetic X-ray, proton, 
and heavy ion beams used in radiotherapy. These have opened up many new para-
digms of treatment such as RDT, allowing the treatment of deeply located tumours 
using nanoparticle photosensitizer conjugates. Such therapies were previously 
impossible due to the inability of traditional photosensitizer compounds to absorb 
deeply penetrating beams such as X-rays and protons. Furthermore, nanoparticles 
play a key role, not only in the targeted delivery of photosensitizer compounds to 
the tumour sites but also as an imaging tool to visualize the tumour sites prior to 
commencement of therapy. These nanocarriers have also been shown to be versatile 
enough to cross the blood-brain barrier, showing the capability of these nanoparti-
cles to treat even immune-privileged regions such as the central nervous system. 
Current studies show the potential of nanoparticles in many pre-clinical studies 
using animal models, where nanoparticles have been observed to increase tumour 

Fig. 21 Mesoporous silica. (a) Transmission electron micrograph of photosensitizer-loaded 
nanoparticles [140]. This article was published in Photodiagnosis and Photodynamic Therapy, 21, 
Brezániová I, Záruba K, Králová J, et al., Silica-based nanoparticles are efficient delivery systems 
for temoporfin, 275–284, Copyright Elsevier 2018. (b) Optical fibre implant for the treatment of 
brain tumours and (C) close-up photo showing epithelized implant [141]. Teh DBL, Bansal A, 
Chai C, et al. A Flexi-PEGDA Upconversion Implant for Wireless Brain Photodynamic Therapy. 
Advanced Materials. 2020;32(29):2001459. Copyright Wiley-VCH GmbH.  Reproduced with 
permission
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cytotoxicity in conjunction with radiotherapies. Indeed, nanomaterials are set to 
revolutionize the field of radiotherapy, leading to multitudes of applications and 
improved treatment outcomes.
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Abbreviations (Technical)

A:B:C Droplet A in droplet B in continuous phase C
AMFC Alternating magnetic field cycle
CP, DP Continuous phase, dispersed phase
Ho, Hno Applied uniform, nonuniform magnetic fields
FR Flow rate [m3·s−1 or μl·h−1]
FRR Flow rate ratio
MNDs Magnetic nanofluid droplets
MNEs Magnetic nanoemulsions
MNFs Magnetic nanofluids
MNPs Magnetic nanoparticles
PDMS Polydimethylsiloxane
RT Room temperature
SMF Static magnetic field
3D Three-dimensional
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Notation (Bold Face Denotes Vector Quantities)

v Fluid velocity [m·s−1]
∇p Gradient of pressure p
H Applied magnetic field strength [A·m−1]
B Magnetic flux density [T]
𝒱 Magnetic scalar potential
F Volume force [N·m−3]
M Magnetization [A·m or mT]

Material Properties

ρ Density [kg·m−3]
μ Magnetic permeability [N·A−2]
χ Magnetic susceptibility [−]
𝒦 Thermal conductivity [W·m−1·K−1)]
η Viscosity [cP or mPa·s]
𝒞 Volume concentration (% v/v)
Hc, Tc Coercivity, Curie temperature of MNPs/MNDs

Subscripts

m Magnetic
H At applied magnetic field H
amf Alternating magnetic field component
o Uniform magnetic field component
no Nonuniform magnetic field component

Biomedical Terms/Drugs

ALMS Alginate-lanthanide microsphere
BHF Barium-hexaferrite
BIONs Bacterial iron oxide nanowires
CAPE Caffeic acid phenethyl ester
C.C.s Cancer cells
CD-DST Collagen gel droplet-embedded drug sensitivity test
CaD Cancer diagnosis
CEA Carcinoma embryonic antigen
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CTN Cancer theranostics
CaT Cancer therapeutics
DEMA 2-(N,N-Diethylaminoethyl) methacrylate
DMC DXR-loaded magnetic coacervates
DXR Doxorubicin
FOLFIRI Fluorouracil and leucovorin + irinotecan
FOLFOX Fluorouracil and leucovorin + oxaliplatin
HCG Human chorionic gonadotropin
HepC Hepatitis C
ICG Indocyanine green
IL-8 Interleukin-8
IONC Iron oxide nanocube
MTX Methotrexate
NIPAM N-isopropylacrylamide
NPL Nano platelets
PFH Perfluorohexane
PFOB Perfluorooctyl bromide
PFP Perfluoropentane
PSNPs Porous silicon nanoparticles
PTX Palictaxel
PUMND Plasmid-loadable magnetic/ultrasound-responsive nanodroplets
SPIONs Superparamagnetic iron oxide nanoparticles
TMNCPs Thermomagnetic nanocomposite particles
VBL Vinblastine
VEGF Vascular endothelial growth factor
VNs Virus-mimetic nanocapsules

1  Introduction

Magnetism and magnetic materials revolutionized technological and scientific 
advancements in various eras, first by the discovery of the compass, second by elec-
tric motors, and third by magnetic storage for the current Internet-computer age. 
The next revolution of magnetic materials was with their nano form, which opened 
new applications for biomedical, energy, heat transfer, refrigeration, shielding, and 
point-of-care devices. These application regimes are determined by the particle size, 
magnetic-thermal-mechanical properties, and form of use (composites, fluid disper-
sion, droplets, bulk structure, etc.). This chapter mainly focuses on use cases in the 
droplet form for biomedical applications using superparamagnetic behavior (Fig. 1).

Magnetic materials in nano form exhibit a different set of properties termed 
superparamagnetic behavior. This state is characterized by the magnetic properties 
only in the presence of an applied magnetic field; as soon as the field is removed, 
this nanomaterial loses its magnetization. When these magnetic nanoparticles are 
dispersed in a career medium like oil or water, the resulting magnetic nanofluid 
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Fig. 1 Schematic of magnetic nanofluid droplets (MNDs) for cancer theranostics (CTN). Magnetic 
nanofluids can be synthesized by a range of techniques forming the source of MNDs. MNDs can 
be produced by three methods: (i) Emulsification. (ii) Flow-based methods, mainly consisting of 
droplet microfluidics (DMF) and droplet micro-magnetofluidics (DMMF); DMF is always pre-
ferred due to high precision, high yield droplet generation, and inline control on droplet shape, 
size, and merging. (iii) Under an applied force, e.g., magnetic, electric, gravitational, and piezo-
electric; however, only the vibration-based method is the most popular compared to other applied 
force techs. Applications of generated MNDs consist of three subsections: (i) MNDs and nano-
emulsions (NEs), (ii) particles and bubbles, and (iii) microfluidic techniques for cancer diagnosis 
(CaD) and single-cell analysis (e.g., CTC sorting, capture, detection), as well as the development 
of particles for cancer therapy (CaT) and CTN

V. B. Varma and A. J. Chavan
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(MNF) exhibits liquid magnet-like behavior. Under an applied magnetic field, MNF 
moves towards the direction of the magnetic field. The MNF was invented for rock-
ets to employ fuel motion in the absence of gravity. MNF’s interesting properties 
and specific use cases under different types of magnetic fields were elaborated by 
Rosenzweig’s ferrohydrodynamics approach, established in the 1970s [1], and 
interesting liquid magnet-like behavior was observed by others [2–4]. Since all 
magnetic materials exhibit temperature-dependent magnetic properties, magnetic 
nanofluids follow the suite. Magnetic nanofluids exhibit a specific set of properties 
under different combinations of magnetic field and temperature [5–9].

Superior biocompatibility of magnetic nanoparticles (MNPs) promoted their use 
for a range of biomedical applications and, consequently, FDA approval of MNP- 
based drugs/compositions as the contrast for MRI (Gastromark®, Lumiren®, 
Feridex®) and imaging of lymph node metastases (Endorem®, Combidex®), as well 
as to treat iron deficiency anemia (Feraheme®, Ferumoxytol®) and body’s elimina-
tion of heavy metals or chemicals (Radiogardase®) [10]. On the other hand, MNFs 
have been extensively used for CTN; specifically, Jordan et al. conducted a phase 2 
study of cancer therapeutics for various cancer types [11, 12]. Moreover, MNPs and 
MNFs are conventional magnetic materials for biomedical applications and cancer 
theranostics, widely reviewed and also available in book forms [10, 12–15]. 
Specifically, the review article of Das et al. [16] covered the fundamental physics of 
MFH and provided a comprehensive table comparing MNP size, synthesis method, 
surface coating, SAR value, biocompatibility, and applications. They also discussed 
the effect of MNP shape on MFH performance.

Magnetic nanofluid droplets (MNDs) provide a spectrum of advantages with 
choice of dispersion-continuous phase, viscosity, surface tension, MNP concentra-
tion, magnetic properties, and most importantly nl to pl volume container with an 
ability to split or merge on command. Furthermore, the MND’s control is wireless, 
programmable, remote, and without direct contact, reducing the risk of contamina-
tion and increasing the accuracy and precision of the operation required for the 
CTN.  Hence, MNDs open up an entirely new avenue of CTN applications; this 
chapter covers the same in detail.

Figure 1 shows the foundation and full spectrum of the magnetic nanofluid drop-
lets (MNDs)-based approach for cancer detection, single-cell analysis, drug deliv-
ery, cancer therapeutics, and cancer theranostics. Magnetic nanofluids are the core 
of the MND-based CTN approach; one can achieve it by different physical, chemi-
cal, or other suitable techniques. In addition, these fluids are now commercially 
available with the choice of dispersion medium and magnetic properties. Once flu-
ids are obtained, droplets (dispersed phase, DP) can be prepared in a continuous 
phase (CP) by different methods [17]: (i) Emulsion-based techniques provide drop-
lets in high yield, but usually, uniformity and control are less compared to other 
techniques, very sensitive to the viscosity of the CP and DP. (ii) Flow-based meth-
ods, specifically droplet microfluidic (DMF) methods, provide high uniformity, 
high yield (by multiplexing at high flow rates), and superior inline control of droplet 
size and shape. For DMF, high-precision flow control is required, which is generally 
achieved by pressure-driven pumps or syringe pumps. Droplet micro- magnetofluidics 
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is a combination of DMF platform [17] (driven by syringe or pressure pumps) and 
magnetic fields providing precise control of the size, the shape, merging, mixing, 
and sorting of the droplets with wireless, programmable, and remote-controlled 
capabilities [6, 8, 9, 18]. (iii) Other applied forces can also be utilized for droplet 
generation, such as electric, gravity, magnetic, piezoelectric, ultrasonic, etc. The 
vibration-based methods are most popular due to droplet productions at a high yield 
and uniformity; however, this technology can only produce a simple droplet 
configuration.

Once magnetic nanofluid droplets are generated, CTN can be achieved via the 
following approaches (the scope of this chapter).

 (i) MNDs can be directly utilized for cancer therapeutics, diagnosis, or both, i.e., 
CTN. These droplets can be in the form of an aerosol and in a suitable disper-
sion medium for thermal ablation of cancer cells or contain suitable chemicals 
(PFH) for cavitation bubbles. MFH can be achieved in alternating magnetic 
field cycles for cancer therapy.

 (ii) MNDs generated from the emulsion-based approach can produce particles 
useful for detection, targeted drug delivery, on-command drug release, and 
CTN. Nanoemulsions (NEs) need to have a crosslinking material and a trigger 
to achieve crosslinking either chemically or by physical methods, viz., light, 
heat, drying, and UV radiation. For emulsion-based methods, though the yield 
is high, control and drug loading efficiency are inferior to microfluidic-based 
techniques.

 (iii) Droplet micro-magnetofluidics (DMMF) integrates magnetic droplets, mag-
netic fields, and microfluidics, forming the third category for CTN. Compared 
to all other techniques, DMMF is a state-of-the-art technique to generate 
highly uniform droplets, and wireless and programmable control of droplet 
behavior and can form complex particles in shapes-configurations that are not 
possible by conventional methods. One can use multiple flow streams, mix 
them on command, generate droplets, rapid-multiplexed operation, merge-mix 
them, or bring them close enough to form complex structures without merging. 
Hence, the DMMF approach provides a broad range of cancer detection tech-
niques, nanoparticle loading to provide controlled release, guided delivery, 
contrast agents, and multimodal therapy and an efficient, simultaneous loading 
of hydrophobic and hydrophilic anticancer drugs for multimodal therapeutics.

This chapter, hence, is organized in the above three categories. Section 2 establishes 
the detailed theoretical foundation via governing equations and control parameters 
for wireless, programmable, and remote-controlled magnetic droplets and particles, 
magnetic heating, and magnetic field-based capture and release utilized in cancer 
diagnosis and therapeutics. Section 3 provides a general overview of experimental 
techniques and background, in brief. The remaining sections elaborate the state-of- 
the-art MND-based interesting cancer theranostics approaches reported in the lit-
erature. More emphasis was given on direct utilization of magnetic nanofluid 
droplets for cancer therapeutics. Section 4 will cover particles produced from MNDs 
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for CTN. Finally, Sect. 5 will explore the DMMF approaches for cancer detection 
and therapeutics, as well as particles produced by DMMF for CTN.

2  Theoretical Background and Experimental Methodology

The following section elaborates on the theoretical background of magnetism and 
magnetic materials. This theoretical background is also suitable for developing a 
numerical simulation model to obtain complex field distributions and greater insight 
into magnetic field-controlled magnetic droplets for cancer theranostics. One can 
obtain programmable wireless control by both uniform and nonuniform magnetic 
fields; however, the mechanism of operation is entirely different for either case.

2.1  Governing Equations for Magnetic Control

The governing equations describing magnetic control of MNDs and magnetic par-
ticles are summarized in the following subsections.

2.1.1  Magnetic Field Equations

An externally applied magnetic field of a permanent magnet or an electromagnet 
acting on a magnetic material of susceptibility χmnf is described by Maxwell’s equa-
tions [19]:

 ∇× =H 0,  (1)

 H = −∇V ,m  (2)

 ∇ =· ,B 0 and  (3)

 
B H M= +( ) = +( )µ µ χ0 0 1 mnf H.

 (4)

where M = χmnf H is the magnetization of a MNF and B denotes the magnetic flux 
density. μ0 and μr denote vacuum and relative permeabilities, respectively. MNF 
permeability and susceptibility are respectively defined by μmnf  =  μrμ0 and 
χmnf = (μmnf/μ0 − 1) = μr − 1.
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2.1.2  Field-Dependent Magnetization and Susceptibility

For an externally applied magnetic field H, the magnetization MH and magnetic 
volume susceptibilities χH are given by [1, 6],

 
M HH = ( )Ms  γ

 (5)

 
χH

M

H
H= 







 ( )s  γ

 (6)

where γ = 3χ0/Ms. χ0 is the initial magnetic susceptibility and Ms is saturation 
magnetization.
 γH( )  is the Langevin function mathematically stated as

 
 γ γ

γ
H H

H
( ) = ( ) − 







coth

1

 (7)

2.1.3  Flow and Energy Equations

The conservation of mass, momentum, and energy governs the mass and energy 
transport of the MFC device via equations [1–4, 6, 7] of continuity and Navier- 
Stokes (NS) for ferrofluid velocity v and pressure p:

 ∇ =·v 0  (8)

 

ρ
∂
∂

ρ ∇ ∇ ρ ∇ η ∇ ∇
v

v v g v v
T

t
p

F
F F F

a

c
p g







+ ⋅( ) = − + + ⋅ + ( )

��� �� � �� �� � � (( )( )− +

F
F F
s m

η

γλδ∇φ
� ���� ���� ��� �s volF

 (9)

he left-hand side of the equation defines the fluid or droplet motion by two-volume 
force components, viz., due to acceleration (Fa) and convection (Fc). The right-hand 
side consisted of contributions from the volume forces due to pressure change (Fp), 
gravity (Fg), and fluid viscosity (Fη). Contribution from the gravitational force can 
be neglected if the droplet size is small (generally, a few hundred μm). External 
force contributions are included in the force term Fvol: in this case, the magnetic 
volume force (Fm) experienced by MNDs. The MND’s properties are defined by the 
set of physical (η, ρ, κ, Cp) and magnetic (χm, Ms, μm, Tc, Hc) parameters. Fs denotes 
the continuum body force due to interfacial tension γ for a droplet with curvature λ. 
The smoothed delta function (δs) is zero everywhere except at the interface, limiting 
the influence of the surface tension to a narrow region around the interface. ϕ is the 
level set function [6, 20].
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2.1.4  Thermal Energy Equation

We need to consider thermal effects in heat-mass transfer analysis if there are tem-
perature changes during the utilization of MNFs or MNDs. Temperature changes 
can occur during MFH under an applied AMF. We need to include thermal energy 
equation in the analysis or simulations as given by [7, 21].

 
ρ

∂
∂

ρ ∇ ∇ κ∇C
T

t
C T Tp p+ ⋅( ) = ⋅( )v

 (10)

2.2  Temperature-Dependent Viscosity

The behavior of both MNFs and MNDs is strongly dependent on viscosity. The 
viscosity of any fluid changes sharply with temperature, which can be captured with 
high accuracy by the power-law equation [22] of the form given by,

 
η ηT K( ) = ( ) +

−







− −0 2661 0 2661

233

. . T K
.
 (11)

where ηK is known viscosity (cP) at the known temperature K °C. ηT is the required 
unknown viscosity at temperature T °C. Varma et al. [23] modeled eight types of 
magnetic nanofluids in viscosity range from 1 cP to 120 cP, obtaining good agree-
ment between experiments and simulations using the above equation. One can use 
the same approach to include viscosity variation of MNDs during MFH to investi-
gate drug release, cancer therapy, or crosslinking of particles for CTN.

2.3  Magnetic Volume Force

There are two components of the magnetic volume force (Fm): (i) Fo contributed by 
the uniform field Ho and (ii) Fno contributed by nonuniform magnetic field Hno, as 
given by

 

Fo H

H
= ⋅( ) = −









 = −









H B∇ ∇µ µ ∇χ

2

0

2

2 2


H

 (12)

 

F Mno HH= ∇ = ∇ =
∇







B H· µ µ0 0

2

2
 χ

H

 (13)

  is MNP volume fraction.
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2.4  MNF’s and MND’s Heating in Alternating Magnetic Field 
and SAR Calculations

A magnetic material (MNPs, MNFs, or MNDs) under radio frequency (RF) or alter-
nating magnetic field (AMF) exhibit heating which is a function of system power 
(f × H2), MNP particle size, and magnetic properties of the material (Ms, Hc, Tc, 
SAR, ILP) (Fig. 2). The specific absorption ratio (SAR) and intrinsic loss of power 
(ILP) are two main performance metrics characterizing the MFH. Tc-tuned MNPs 
provide an automated cut-off of heating beyond the safe limits for an efficient MFH- 
based CTN. This section briefly describes the theory and relevant performance met-
rics of MFH.

2.4.1  Applied Alternating Magnetic Field (Hac), Internal Energy, 
and Power Dissipation

Change in internal energy for heating by magnetic field obtained from work done 
δW = ḤδB under adiabatic condition [26–28] is given by

 dU d= H B·  (14)

Here, both H and B are colinear fields inside the sample; hence, the dot product 
reduces to dU = H dB. Since B = μ0 (H + M), substitution and integration by parts of 
the above equation provide an increase in internal energy for a cyclic process, as 
given by,

Fig. 2 Schematic of magnetic hyperthermia setup. MNFs and MNDs under radio frequency (RF) 
or alternating magnetic field (AMF) exhibit MFH which is a function of system power, particle 
size, and magnetic properties of the material. SAR and ILP are two main performance metrics of 
MFH. Tc-tuned MNPs provide an automated MFH cut-off required for a safe MFH-based CTN. * 
[24] reported maximum frequency and # [25] reported maximum field

V. B. Varma and A. J. Chavan



69

 
∆U M dH= − ∫µ0

  (15)

Suppose the frequency of the magnetic field leads to lagging magnetization. In that 
case, the right-hand side of the above equation will be positive, implying magnetic 
work’s conversion to internal energy increase. Let us assume a complex form of 
MNF susceptibility χm = χa − i χb (with real component χa and imaginary component 
χb). The alternating magnetic field and resulting magnetization then take the form,

 
H t H t H eamf a a

i t( ) cos Re[ ]= =ω ω

 (16)

 
M t H e H t ta

i t
a a b( ) =   = +( )Re cos sinχ χ ω χ ωω

 (17)

where Ha is the field amplitude. Substituting Eqs. (16) and (17) in Eq. (15), we get

 
∆U H t dta b= ∫2 0

2

0

2

2µ χ ω

π
ω

sin
 (18)

Here, the real component χa vanishes, and the imaginary component, also termed as 
loss component, χb remains. The power dissipation P for f = 2π/ω then takes the 
form as given by,

 P f U f Hb a= =∆ µ π χ0
2

 (19)

2.4.2  Practical Approach for the Relationship to Material Properties

The imaginary part of susceptibility can be obtained as the function of magnetic 
material properties and an applied magnetic field frequency f by the time-dependent 
magnetization M(t). M(t) equation and equilibrium magnetization Ma for an AMFC 
amplitude Ha (Eq. (16)) are given by [3, 26],

 
M t

M t Ma( )
( )

= −
−( )
τ  (20)

 
M H t H ea H a H a

i t= =  χ ω χ ωcos Re
 (21)

Let’s use exponential forms of M(t) (Eq. (17)) and M0 (Eq. (21)) in the differential 
Eq. (20); we obtain,

 
χ

ωτ
χ=

+
1

1 i H

 (22)
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χ
ωτ

χa H=
+ ( )

1

1
2

 (23)

 

χ
ωτ

ωτ
χb H=

+ ( )1
2

 (24)

After plugging in the obtained value of χb in Eq. (19), the power dissipation density 
during the MNF or MND heating in an applied AMFC of frequency f takes the form 
as given by,

 
P f U fH

f

fa H= =
+

∆ µ π χ
π τ
π τ0

2 2

1 2  (25)

Here, the magnetic fluid susceptibility χH is field-dependent and is derived in the 
earlier section. The parameter τ is effective relaxation time, which is a function of 
Brownian (τB) and Neel (τN) relaxation time expressed as given by,

 

1 1 1

τ τ τ
= +

B N  (26)

2.4.3  SAR and ILP Calculations

The magnetic fluid hyperthermia (MFH) of magnetic nanofluids and droplets is 
contributed from Brownian, Neel relaxations, or hysteresis loss, which is quantified 
by the specific absorption rate (SAR, also termed as the specific loss power, (SLP)) 
[12, 29]. The SAR can be calculated by different approaches [30], viz., by (i) mea-
suring the initial slope (ΔT/Δt) for a fixed time duration (first 10 s or 100 s, etc.), (ii) 
correcting the slope by including a loss parameter with reference to the baseline 
curve, (iii) exponential curve fitting (by Box-Lucas method) of the MFH profile, 
and (iv) by steady-state temperature measurement. The initial slope increase 
approach is the most popular method utilized for the SAR [W·g−1] measurement 
[31–33], which is given by,

 
SAR C

T

t

M

M
MNF

MNP

= 







∆
∆  (27)

where C and MMNF are the specific heat capacity and the mass of the MNF in SI 
units. MMNP is the mass of the MNPs inside the MNF under test. The initial slope 
ΔT/Δt is determined for the initial sharp increase of the MNF heating profile under 
an applied AMF power. Hence, the SAR is strongly dependent on the applied 
AMF power.
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For a more generalized comparison of MFH performance independent of AMF 
power, one can use the intrinsic loss of power (ILP) (nḤm2·kg−1), as given by [31, 
34, 35],

 
ILP

SAR

AMF

SAR

H f
= =

Power 2

 (28)

where H [kA·m−1] and f [kHz] are the AMF field strength and frequency, respectively.

3  Experimental Methods

Magnetic fluid and droplets exhibit response to an applied magnetic field. This 
response depends on the type, magnitude, and direction of the field and the mag-
netic properties of the materials such as saturation magnetization, coercivity, and 
toxicity for biomedical applications. There are three main types of magnetic fields, 
viz., uniform, nonuniform, and time-varying magnetic fields. A superimposition of 
the main types with each other produces a hybrid magnetic field.

A uniform magnetic field can be generated by an electromagnet, a Helmholtz 
coil, or a combination of permanent magnets. Generally, for the case of electromag-
net feedback loop-based method is utilized, where a Hall probe senses the magnetic 
field and the system then tunes the current to the set value of the field. Higher field 
uniformity and magnetic field strength can be achieved by using an electromagnet 
system. However, the electromagnet system is bulky and utilizes higher power than 
permanent magnets. Therefore, a permanent magnetic field-based approach is uti-
lized when a stand-alone, portable, and miniaturized system is required. Permanent 
magnets can directly be integrated with the device to apply a magnetic field; how-
ever, this approach does not provide programmable field control. A hybrid magnetic 
field approach can overcome both challenges by overlapping the electromagnet’s 
field over a permanent magnet, generating the required distribution of Ho and Hno.

Two comprehensive review articles describe different magnetic field systems for 
a range of biomedical applications [36, 37]. Specifically, Yang et al. [36] covered a 
range of state-of-the-art magnetic actuation systems as well as fundamentals of 
magnetic actuation and magnetic field generation. They systematically described 
different actuation systems consisting of single permanent magnet, multiple perma-
nent magnets, paired coils, distributed stationary electromagnets, and movable elec-
tromagnets. They also elaborated applications of described magnetic actuation 
systems to control catheters, capsule endoscope, and motion (crawling, walking, 
swarming, dragging, swimming, rolling) of magnetic composites, suitable for dif-
ferent biomedical applications (cell manipulation, surgery, therapy, tissue engineer-
ing, imaging, biopsy, sensing, and in vitro testing). For MND-based CTN, hybrid 
magnetic control and MFH systems can be designed and developed by integrating 
the approaches discussed in this article.
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4  Magnetic Nanofluid Droplets (MNDs) for Cancer 
Detection and Therapeutics

The use of magnetism or magnetic materials for medical applications is not new. 
Old Indian literature reports the use of magnetism to remove metal needles from the 
body. However, magnetic materials or magnetism-based methods were not used 
much until the 1970s due to their complexity, lack of depth, and control tech. In 
1971, Lauterbur invented MRI and theorized it in 1973 [38]. It took another 6 years 
for the first full-body scan by MRI performed by Damadian R. However, the devel-
oped method was too slow for practical use. Finally, Lauterbur and Mansfield 
addressed it, and their strategy was adopted for routine MRI, bagging a Nobel prize 
for the same. After that, research in MNPs was quiet except for their use as MRI 
contrast [39, 40].

The next breakthrough came with the use of MNPs and MNFs for theranostics 
with their capabilities of magnetically guided drug delivery, contrast for continuous 
monitoring, localization in the area of interest, on command release of drug in the 
desired amount, and multimodality via MFH. Combining MNPs/MNFs with this 
approach provided a new direction, gaining much interest and coverage in a range 
of interdisciplinary fields for biomedical applications (Fig.  3). Following the 
advancement of the field, MND-based techniques, such as droplet magnetofluidics, 
droplet micro-magnetofluidics, and resulting nano/micro/bulk particles, emerged as 
potential, new application regimes. These regimes are systematically elaborated in 
the following sections and subsections.

Fig. 3 Tree map chart of biomedical applications of magnetic materials reported for a range of 
interdisciplinary fields. Magnetic materials are used in extensive regimes due to their versatility for 
drug delivery, MRI contrast, remote-programmable control, and multimodal therapy. (Source: Web 
of Science database (dated 23 Jan 2022) was used for the data collection with search string ‘(mag*) 
AND (drug or medic*)’)
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4.1  Droplets for Cancer Diagnosis, Therapy, and Theranostics

In literature, lipid, droplets, and collagen gel droplets are the simplest droplet con-
figurations directly employed for cancer detection and/or therapeutics [41, 42]. 
Table 1 compares different MND configurations reported for cancer diagnosis, ther-
apy, and theranostics. Tirinato [41] et al. demonstrated the use of lipid droplets as a 
new functional marker for colorectal cancer detection by activating the PI3K/AKT 
pathway to increase CD133 and CD44v6 CSC marker expression. They found that 
glucose increases the number of reactive oxygen species and lipid droplets in 
colorectal cancer stem cells and the addition of atorvastatin, a lipid-reducing drug, 
successfully kills the cancer stem cells. Curtarello [42] et al. employed VEGF treat-
ing ovarian cancer and investigated variation in lipid droplet profile. They found 
upregulation of pathways leading to lipid droplet accretion in tumors and achieved 
CaT via liver X receptor agonist (LXRA), selectively inhibiting cancer growth. 
Generally, cytoplasmic lipid droplet buildup implies apoptosis and may govern 
drug resistance. Their drug +LXRA approach amplified cell deaths, providing a 
potential CTN methodology. Ochiai et al. [43] determined growth inhibition rate of 
primary colorectal cancer and impact of tumor location in chemotherapy (FOLFOX, 
FOLFIRI)-treated patients by collagen gel droplet-embedded drug sensitivity test. 
They found that molecularly targeted agents provide improved clinical outcomes 
compared to anticancer drugs for colorectal cancer patients with left-sided tumors. 
Lorton et al. [44] developed oxygen-loaded perfluorooctyl bromide (PFB) droplets 
(developed size range: 172–3000 nm) for CTN application. They controlled oxygen 
partial pressure by their special in situ 19F MRI contrast mapping method. This 
method provides high MRI contrast due to PFB droplets and eliminates hypoxia by 
oxygen delivery to stop tumor growth.

4.2  MNDs for Cancer Therapy and Theranostics

MNDs-based approach consists of one fixed magnetic functionality with or without 
other functionalities to diagnose and treat different types of cancer (Table 1). Due to 
its simplicity, the least complex approach of direct utilization of MNDs without any 
other functionalities is always preferred. Dames et al. [45] demonstrated lung can-
cer CTN by MNP-loaded aerosol droplets (nanomagnetosols) by simulations and 
experimentally in mice under a nonuniform magnetic field gradient, also extendable 
to other types of lung diseases. They built a conical coil to achieve a high field gradi-
ent of 1000 T·m−1 required for this method. Under an applied magnetic field, a 5× 
increase in nanomagnetosols delivery was observed compared to the case without 
magnetic field in the targeted lung, and a 2× reduction was observed in the untar-
geted lung compared to the case without magnetic field.

MNDs under an alternating magnetic field exhibit heating which can be utilized 
to treat cancer. Moreover, due to the additional volume force contributed by the 

Magnetic Droplets for Advanced Theranostics: Cancer Diagnosis, Targeted Delivery…



74

Ta
bl

e 
1 

D
ro

pl
et

s,
 e

m
ul

si
on

s,
 a

nd
 b

ub
bl

e-
ba

se
d 

ca
nc

er
 d

ia
gn

os
is

 (
C

aD
),

 th
er

ap
eu

tic
s 

(C
aT

),
 o

r 
bo

th
 (

ca
nc

er
 th

er
an

os
tic

s,
 C

T
N

)

R
ef

er
en

ce
s

C
an

ce
r 

ty
pe

/M
od

el
/

C
el

l l
in

e
D

ru
g 

ty
pe

/A
ct

in
g 

ag
en

t
U

se
Fi

nd
in

gs
.

C
aT

/C
aD

/s
yn

th
es

is
 @

 m
et

ho
d,

 d
ru

g

D
ro

pl
et

s
C

an
ce

r 
ce

lls
, 

%
m

or
ta

lit
y 

@
 C

Ph
as

es
Si

ze
 

(n
m

)

[4
1]

C
an

ce
r 

st
em

 c
el

ls
A

to
rv

as
ta

tin
 to

 r
ed

uc
e 

lip
id

C
aD

, 
C

aT
C

aD
 b

y 
ac

tiv
at

in
g 

PI
3K

/A
K

T
 

pa
th

w
ay

. C
aT

 b
y 

at
or

va
st

at
in

L
ip

id
 d

ro
pl

et
s

>
90

%

[4
2]

O
va

ri
an

 c
an

ce
r 

ce
lls

E
xo

ge
no

us
 li

pi
ds

C
aT

L
ip

id
 m

et
ab

ol
is

m
 u

pr
eg

ul
at

io
n 

in
cr

ea
se

d 
lip

id
 d

ro
pl

et
s 

in
 tu

m
or

s 
re

pr
od

uc
ed

 b
y 

hy
po

xi
c 

co
nd

iti
on

s

L
ip

id
 d

ro
pl

et
s

[4
3]

C
ol

or
ec

ta
l c

an
ce

r
FO

L
FO

X
, F

O
L

FI
R

I
C

aD
, 

C
aT

M
ol

ec
ul

ar
ly

 ta
rg

et
ed

 a
ge

nt
s 

⇒
 b

et
te

r 
cl

in
ic

al
 th

er
ap

y 
co

m
pa

re
d 

to
 

an
tic

an
ce

r 
dr

ug
s

C
ol

la
ge

n 
ge

l 
dr

op
le

ts

[4
4]

–
PF

B
 d

ro
pl

et
s

C
aD

In
 s

itu
 19

F 
M

R
I 

co
nt

ra
st

 m
ap

pi
ng

 o
f 

ox
yg

en
 p

ar
tia

l p
re

ss
ur

e
PF

B
 d

ro
pl

et
s

10
00

–

[4
5]

Si
m

ul
at

io
ns

 a
nd

 
m

ic
e

N
an

om
ag

ne
to

so
ls

C
aT

Ta
rg

et
ed

 d
el

iv
er

y 
of

 m
ag

ne
tic

 a
er

os
ol

 
dr

op
le

ts
 to

 th
e 

lu
ng

A
er

os
ol

 d
ro

pl
et

s+
 

SP
IO

N
80

[4
6]

–
M

ag
ne

tic
al

ly
 

po
la

ri
za

bl
e 

N
E

s
C

aT
M

N
E

 in
ve

st
ig

at
io

ns
 to

 e
nh

an
ce

 S
A

R
 

va
lu

e 
@

 s
iz

e,
 d

is
pe

rs
it

y,
 fi

el
d

M
N

E
s 

+
 a

ga
r

19
2

–

[4
7]

–
M

N
D

s
C

aT
C

aT
 a

t l
ow

 M
N

P 
lo

ad
in

g 
by

 3
0%

 S
A

R
 

in
cr

ea
se

 @
 a

lig
ne

d 
M

N
E

s
O

ct
an

e-
ba

se
d 

M
N

F+
 a

ga
r

20
0

–

[4
8]

4 
T

1 
xe

no
gr

af
te

d 
m

ic
e 

tu
m

or
M

ag
ne

tic
-t

he
rm

al
 

ab
la

tio
n

C
T

N
C

T
N

 in
je

ct
ab

le
, t

he
rm

os
en

si
tiv

e 
M

N
E

 
hy

dr
og

el
. I

nc
re

as
ed

 S
A

R
 @

 M
N

P
 

ch
ai

ns
, M

N
D

’s
 c

ro
ss

li
nk

in
g

Si
lic

on
e 

oi
l +

 
PE

G
D

A
 +

 Z
n 

fe
rr

ite
 M

N
Ps

55
10

0%
 @

 3
 m

g/
m

l +
 3

0d
 A

M
FC

[4
9]

M
C

F-
7 

br
ea

st
 

ca
nc

er
 c

el
ls

PF
H

 N
E

 b
ub

bl
es

C
T

N
Im

ag
in

g 
by

 n
on

lin
ea

r 
ul

tr
as

ou
nd

 +
 

la
se

r-
ac

tiv
at

ed
 v

ap
or

iz
at

io
n 

in
to

 
bu

bb
le

s 
to

 k
ill

 c
an

ce
r 

ce
lls

PF
H

 N
E

+
 

si
lic

a-
co

at
ed

 g
ol

d 
N

P

40
0

93
%

 @
 1

.5
μg

/
m

l

[3
1]

H
ep

G
2 

liv
er

 c
an

ce
r 

ce
ll

M
FH

 o
f 

dr
op

le
ts

 a
nd

 
D

X
R

 r
el

ea
se

C
T

N
W

ir
el

es
s,

 p
ro

gr
am

m
ab

le
, m

ul
tim

od
al

 
(t

he
rm

o-
ch

em
ot

he
ra

py
) 

C
T

N
 @

 
bi

om
im

et
ic

 D
M

C
s

Pe
pt

id
e 

co
ac

er
va

te
s 

+
 M

N
Ps

 +
 d

ru
g

55
0

10
0%

 @
 5

50
μg

/
m

l f
or

 3
 M

FC

V. B. Varma and A. J. Chavan



75
R

ef
er

en
ce

s
C

an
ce

r 
ty

pe
/M

od
el

/
C

el
l l

in
e

D
ru

g 
ty

pe
/A

ct
in

g 
ag

en
t

U
se

Fi
nd

in
gs

.
C

aT
/C

aD
/s

yn
th

es
is

 @
 m

et
ho

d,
 d

ru
g

D
ro

pl
et

s
C

an
ce

r 
ce

lls
, 

%
m

or
ta

lit
y 

@
 C

Ph
as

es
Si

ze
 

(n
m

)

[5
0]

H
C

T-
11

6 
ce

lls
C

A
PE

C
aT

C
A

PE
-l

oa
de

d 
M

N
D

s 
fo

r 
lo

ng
-t

er
m

 
st

or
ag

e 
@

 o
ne

-s
te

p 
an

ti
-s

ol
va

ti
on

E
ug

en
ol

 +
 F

e 3
O

4 
N

P
20

4
≈

10
0%

 @
 2

0μ
g/

m
l

[5
1]

C
er

vi
ca

l c
an

ce
r 

ce
lls

 
H

eL
a

M
N

Ps
 w

ith
 a

nd
 w

ith
ou

t 
su

rf
ac

ta
nt

s
C

aT
M

N
Ps

 c
oa

te
d 

on
 H

eL
a 

ce
lls

 f
or

 c
an

ce
r 

th
er

ap
eu

tic
s;

 h
ig

he
r 

cy
to

to
xi

ci
ty

 
w

ith
ou

t s
ur

fa
ct

an
ts

C
el

ls
 c

oa
te

d 
w

ith
 

M
N

Ps
–

–

[5
2]

U
ro

th
el

ia
l c

an
ce

r
–

C
aD

E
va

lu
at

ed
 d

ig
ita

l d
ro

pl
et

 P
C

R
 a

ss
ay

s 
fo

r 
po

st
 C

aT
 m

on
ito

ri
ng

B
lo

od
/u

ri
ne

 
sa

m
pl

es
–

D
ia

gn
os

is

[5
3]

B
re

as
t c

an
ce

r 
ce

lls
 

(4
 T

1)
M

ag
ne

tic
 f

ra
m

ew
or

k
C

T
N

C
T

N
 b

y 
as

se
m

bl
ed

 m
ag

ne
tic

 in
te

rn
al

 
fr

am
ew

or
k 

an
d 

re
le

as
e 

by
 a

n 
ex

te
rn

al
 

m
ag

ne
tic

 fi
el

d

G
al

liu
m

-b
as

ed
 

al
lo

ys
–

[5
4]

Su
bc

ut
an

eo
us

 tu
m

or
V

N
s 

+
 M

FH
 +

 D
X

R
 o

r 
PT

X
C

T
N

In
fe

ct
 c

an
ce

r 
ce

lls
 b

y 
V

N
s,

 M
FH

 
th

er
ap

eu
tic

s,
 a

nd
 d

ru
g 

de
liv

er
y

SP
IO

N
 +

 p
ro

te
in

 
sh

el
l

16
0

98
%

 @
 1

%
 w

t/
w

t
[5

5]
L

iv
er

 c
an

ce
r 

ce
lls

 
in

je
ct

ed
 in

 n
ud

e 
m

ic
e

PU
M

N
D

C
T

N
H

o g
ui

de
d 

PU
M

N
D

, p
la

sm
id

s 
re

le
as

e 
at

 tu
m

or
 c

el
ls

 b
y 

ul
tr

as
ou

nd
s 

ca
vi

ta
tio

n

L
ip

id
+

 S
PI

O
N

 +
 

pl
as

m
id

27
0

40
%

 @
 6

 s
 

ex
po

su
re

N
ot

at
io

n 
an

d 
ab

br
ev

ia
tio

ns
: C

 c
on

ce
nt

ra
tio

n/
dr

ug
 d

os
e 

in
 μ

g/
m

l o
r 

w
ei

gh
t/w

ei
gh

t (
w

t/w
t)

, C
T

N
 c

an
ce

r 
th

er
an

os
tic

s,
 M

N
F

s 
m

ag
ne

tic
 n

an
ofl

ui
ds

, M
N

D
s 

m
ag

-
ne

tic
 n

an
ofl

ui
d 

dr
op

le
ts

, M
N

E
s 

m
ag

ne
tic

 n
an

oe
m

ul
si

on
s,

 A
M

F
C

 a
lte

rn
at

in
g 

m
ag

ne
tic

 fi
el

d 
cy

cl
e,

 C
A

P
E

 c
af

fe
ic

 a
ci

d 
ph

en
et

hy
l e

st
er

, C
D

T
 c

ol
la

ge
n 

ge
l d

ro
pl

et
- 

em
be

dd
ed

 d
ru

g 
se

ns
iti

vi
ty

 t
es

t, 
P

F
H

 p
er

flu
or

oh
ex

an
e,

 N
E

s 
na

no
em

ul
si

on
s,

 F
O

L
F

O
X

 fl
uo

ro
ur

ac
il 

an
d 

le
uc

ov
or

in
 +

 o
xa

lip
la

tin
 o

r 
F

O
L

F
IR

I 
flu

or
ou

ra
ci

l 
an

d 
le

uc
ov

or
in

 +
 i

ri
no

te
ca

n,
 D

X
R

 d
ox

or
ub

ic
in

, 
D

M
C

 D
X

R
-l

oa
de

d 
m

ag
ne

tic
 c

oa
ce

rv
at

es
, 

PT
X

 p
al

ic
ta

xe
l, 

V
N

s 
vi

ru
s-

m
im

et
ic

 n
an

oc
ap

su
le

s,
 P

U
M

N
D

 p
la

sm
id

- 
lo

ad
ab

le
 m

ag
ne

tic
/u

ltr
as

ou
nd

-r
es

po
ns

iv
e 

na
no

dr
op

le
ts

, P
F

B
 p

er
flu

or
oo

ct
yl

 b
ro

m
id

e

Magnetic Droplets for Advanced Theranostics: Cancer Diagnosis, Targeted Delivery…



76

susceptibility change in MNDs at the surface, trapping MNDs at the target site is 
more efficient compared to the MNF’s case. Additional insight into the thermal 
behavior of MNDs under an AMFC can increase their further use for future 
CTN. With the same motivation, Philip’s research group [46, 47] reported different 
approaches for magnetic nanoemulsions (MNEs), increasing their SAR values, 
hence, the MFH efficiency. In [46] they investigated 100–200 nm MNEs and found 
an increasing trend of SAR values with the square of Hamf field.

Furthermore, they found that the field-based droplets heating was mainly due to 
Neel-Brownian at MNP scale and Brownian relaxation at droplet scale compared to 
MNF heating which is only due to Neel-Brownian relaxation. They also investi-
gated the effect of droplet size, polydispersity-uniformity, field strength, demagne-
tization effects, viscosity, and particle concentration, which will be helpful to 
enhance the performance. In [47], improved SAR of aligned droplets under an 
applied field demonstrated enhanced MFH in an agar matrix representing a tissue. 
The enhancement was attributed to a 3× increase in uniaxial anisotropy and relax-
ation time, resulting in a 30% increase in the SAR. These findings can be utilized to 
achieve the required MFH performance at a reduced MNP loading.

4.3  Modified MNDs for Cancer Therapy and Theranostics

MNDs can be modified to achieve multimodal therapy by adding one or more func-
tionalities with or without anticancer drugs (Table  1). Without anticancer drugs, 
cancer treatment is usually performed by inducing heating. The upper portion of 
Fig. 1 applications summarizes this approach. Wu et al. [48] performed CTN by 
MNE hydrogel demonstrated via 4 T1 xenografted tumor in mice. The hydrogel 
droplets were restricted to the tumor site by preventing leakage and diffusion by an 
applied magnetic field. The magnetic chain formation under an applied field and 
crosslinking of droplets further enhanced the MFH performance demonstrating 
100% mortality of cancer cells; hence, it is a potential approach for localized 
CaT. Fernandes et al. [49] developed PFH nanoemulsions with silica-coated gold 
nanoparticles. The nanoemulsion was used for cancer theranostics by nonlinear 
ultrasound-based imaging and laser-activated vaporization bubbles for cancer ther-
apy. This method achieved 93% mortality of cancer cells at the droplet loading of 
1.5μg/ml. In addition, they found that the PFH bubble-based imaging utilized here 
was more stable than conventional contrast imaging due to reduced tissue-specific 
signals increasing its S/N ratio.
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4.4  Drug-Loaded MNDs for Cancer Therapy and Theranostics

With drug-loaded MNDs, cancer treatment is achieved by the multipronged attack, 
viz., both heating and drug delivery (Table 1). Wang et al. [50] used rice protein to 
develop 200 nm-sized droplets exhibiting 4 months of stability for CTN without 
using any stabilizers synthesized by one-step anti-solvation at a neutral pH. The 
droplet system demonstrated a 20% improvement in the enclosed drug (CAPE) per-
formance compared to the standard drug delivery. Bhardwaj et al. [51] investigated 
MNPs with and without surfactants forming a coating of HeLa human cancer cell 
lines comprising a droplet-like configuration suitable for cancer therapeutics via 
MFH. They observed higher cytotoxicity for MNPs without surfactants. Pritchard 
et al. [52] evaluated a digital droplet PCR assay-based CaD platform for post uro-
thelial cancer therapy. They utilized blood and urine samples for the CaD of 2 stage 
1 patients and 18 stage 2 patients. They developed a new assay on the same platform 
to detect telomerase reverse transcriptase promoter mutations and identified a novel 
mutation of CNTNAP4 G727.

MNDs can also be modified by nonconventional approaches/functionalities to 
obtain a range of novel CTN methodologies enhancing biocompatibility or MFH 
efficiency, or both. Lim et  al. [31] developed coacervate magnetic droplets by a 
biomimetic polymer for wireless, remote-controlled, programmable multimodal 
CTN. They synthesized peptide coacervates with a high loading of DXR for multi-
modal liver cancer treatment, demonstrating 100% mortality of HepG2 liver cancer 
cells. The use of biomimetic peptides contributes to the superior biocompatibility of 
magnetic coacervates compared to other approaches. Li et al. [53] reported gallium- 
based biomimetic liquid mWl droplets developed by magnetic framework for breast 
cancer (4  T1) treatment. They demonstrated CTN capabilities under an applied 
electric and magnetic field-controlled assembly for loading a chemical indicator and 
anticancer drug and on command release killing breast cancer cells (4 T1). Fang 
et al. [54] performed multimodal CaT of a subcutaneous tumor by virus- mimetic 
nanocapsules (VNs) to infect cancer cells, MNPs for MFH, control, and DXR or 
PTX drugs to kill cancer cells. VNs average size was 160 nm, and this approach 
killed 98% cancer cells @ 1% wt/wt VN concentration. Dong et al. [55] demon-
strated CTN capabilities of plasmid-loaded MNDs treating liver cancer cells injected 
in nude mice by intracellular delivery of plasmid. A nonuniform magnetic field 
guided the droplets to the tumor site and 6 s ultrasound cavitation releasing 16–19 
plasmids/droplets.

4.5  MNDs for Cancer Diagnosis

MND-based approaches can also be integrated with pre or post-cancer therapy to 
monitor and quantify treatment efficacy and accelerate drug trial or therapy devel-
opment processes (Table 1). Pritchard et al. [52] evaluated a digital droplet PCR 
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assays-based CaD platform for post urothelial cancer therapy. They utilized blood 
and urine samples for the CaD of 2 stage 1 patients and 18 stage 2 patients. They 
developed a new assay on the same platform to detect telomerase reverse transcrip-
tase promoter mutations and identified a novel mutation of CNTNAP4 G727.

5  MND-Based Magnetic Particles for Cancer Theranostics

MNDs can also achieve CTN by converting them into particles utilizing a range of 
methods: (i) addition of a polymer and its crosslinking by photopolymerization, 
heating, or chemical-based method, (ii) solvent extraction/evaporation method, (iii) 
chemical reactions, and (iv) catalysis. Out of these methods, the first two are the 
most popular in the research community due to ease of use, control, and adding 
more functionalities. Table  2 compares different MND-based magnetic particle 
approaches reported for cancer diagnosis, therapy, and theranostics.

In addition, MNPs can be added to other droplets to impart magnetic properties 
to them and remove them after use. However, this approach provides wireless, pro-
gramable, and remote-controlled capabilities that may not suit every droplet system. 
Ostrovski et al. [56] developed an inhalation framework using 450 nm-sized aero-
sols containing SPION for lung cancer treatment localizing it by a permanent mag-
net, achieving 10× enhanced deposition. Their method traps and deposits aerosols 
by momentarily halting the ventilator cycle and immediately applying a magnetic 
field at the target; the deposition is quantified by fluorescent bead solution.

5.1  Emulsion Techniques: Developing Magnetic Particles 
for Cancer Theranostics

Guo et al. [57] developed PLGA nanoplatforms for multimodal CTN of SKBR-3 
breast cancer. The method involved ultrasound imaging-guided (via SPION), near- 
infrared light-controlled phototherapy executed by perfluorohexane (PFH) bubble 
burst, and paclitaxel (PTX) drug release. W:O:W double emulsion method synthe-
sized the particles containing PFH and PTX on the PLGA-SPION platform with an 
average size of 348 nm. Niu et al. [58] achieved CTN by 290 nm-sized PLGA par-
ticles containing MNPs, indocyanine green (ICG), and perfluoropentane (PFP) syn-
thesized by a modified double emulsion method. Their phase-shifting fluorescent 
MNPs enhanced the photothermal therapy employed for cancer therapy, which gen-
erates microbubbles and releases the drug on the tumor site.

Najafipour et al. [59] performed CTN of MCF-7 breast cancer cells by multi-
modal thermomagnetic nanocomposite particles containing MNPs, PNIPAM, 
DEMA, and loaded with anticancer drug methotrexate (MTX). The ultrasonic- 
based emulsion copolymerization method produced the required particles with an 
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Table 2 MNDs and emulsions for cancer detection (CaD), therapeutics (CaT), or both (cancer 
theranostics, CTN)

Ref

Cancer 
cell (CC) 
line/type

Drug type/
acting agent

Delivery 
mechanism/
findings @ 
synthesis 
methodology

Particle/droplet

ApplicationPhase A in B (A:B)
Size 
(nm)

[56] Lung 
cancer

Magnetic 
aerosol

SPION-aerosols 
localized by 
permanent 
magnet’s field

SPION: Liquid:Air 450 CTN

[57] SKBR-3 
breast CC

PFH bubble 
burst + PXT 
drug release

Near-infrared 
light-controlled, 
targeted, 
biocompatible drug 
delivery on a 
nanoplatform @ 
double emulsion

MNP + drug 
(W:O:W)

348 CTN

[58] MCF-7 
breast CC

Ablation + 
drug delivery

Phase-shifting 
fluorescent MNPs 
for enhanced 
photothermal 
therapy @ 
modified double 
emulsion

MNP/ICG@ PLGA 290 CTN

[60] MCF-7 
breast CC

MTX Thermomagnetic 
nanocomposite 
particles @ 
ultrasonic, 
emulsion 
copolymerization

NIPAM+ DEMA 50 CTN

[61] A549 lung 
CC

PXT Stimuli-sensitive 
drug carrier @ hot 
oil-in-water 
emulsification

SPION+ lipid 2000 CTN

[63] HCT116 
colon CC

Curcumin Magnetically 
controlled drug 
release, MFH @ 
Pickering 
emulsions

MNPs+ cellulose 7500 CTN

[59] CEA 
biomarker

Regional 
hydrophilicity

Magnetic 
bead-based 
sandwich 
immunoassay to 
detect CEA cancer 
biomarker @ soft 
lithography

(W:Air) 1000 CaD

(continued)

Magnetic Droplets for Advanced Theranostics: Cancer Diagnosis, Targeted Delivery…



80

Table 2 (continued)

Ref

Cancer 
cell (CC) 
line/type

Drug type/
acting agent

Delivery 
mechanism/
findings @ 
synthesis 
methodology

Particle/droplet

ApplicationPhase A in B (A:B)
Size 
(nm)

[62] DU145 
prostate

5-fluorouracil Drug release + 
photothermal 
particles @ 
multiple emulsion 
solvent 
evaporations

MNP + Au + PLGA 73 CTN

[64] MCF-7 
breast CC

Melatonin Targeted CTN by 
nanocomposite 
particles @ single 
emulsion solvent 
extraction

PLGA + MNPs + 300 CTN

[65] HepG2 
liver CC

DXR MRI T2 contrast, 
magneto- 
mechanical IONC 
@ emulsion- 
evaporation method

MNPs+ DXR 100 CTN

Notations/abbreviations: PFH Perfluorohexane, PXT paclitaxel, PFOB perfluorooctyl bromide, 
ICG indocyanine green, PFP perfluoropentane, CEA carcinoma embryonic antigen, ALMS 
alginate- lanthanide microsphere, BHF barium-hexaferrite, W:O (water droplets in oil), O:W:O (oil 
drops in water drops in oil), W:A (water droplets in air), NPL nanoplatelets, TMNCPs thermomag-
netic nanocomposite particles, NIPAM N-isopropylacrylamide, DEMA 2-(N,N-diethylaminoethyl) 
methacrylate, MTX methotrexate, IONC iron oxide nanocube

average size of 50 nm. The therapy consisted of pH- and temperature-controlled 
drug release as well as MFH. Maximum release was demonstrated at the pH of 5.5 
and temperature of 42 °C. Reczynska et al. [60] produced and showed the efficacy 
of multifunctional stimuli-sensitive drug carriers against A549 lung cancer cells. 
The particles consisted of SPION and PXT loading synthesized by hot oil-in-water 
emulsification. The method produced inhalable 2000  nm-sized particles for the 
CTN of lung cancers via pulmonary delivery. Low et al. [61] demonstrated the CTN 
of HCT116 colon cancer by 7500 nm-sized particles via magnetically controlled 
curcumin drug release and the MFH.  They used Pickering emulsions to convert 
MNPs + cellulose phases to the required particles.

5.2  Crosslinking and Solvent Extraction Techniques: 
Developing Magnetic Particles for Cancer Theranostics

Hu et al. [62] developed a magnetic bead-based sandwich immunoassay platform 
by controlling regional hydrophilicity of a PDMS chip for rapid biosensing of car-
cinoma embryonic antigen (cancer biomarkers). They used soft lithography to 
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develop the PDMS platform 1000 nm-sized water droplets on the surface on hydro-
philic sites. Rad et al. [63] used multiple emulsion solvent evaporation synthesis 
resulting in 70 nm PLGA particles consisting of gold and magnetic NPs. The syn-
thesized particles demonstrated multimodal CTN of DU145 prostate by 
5- fluorouracil drug release and photothermal therapy. Xie et  al. [64] developed 
300 nm-sized composite particles of MNPs and melatonin in the PLGA matrix and 
demonstrated the CTN of the breast cancer cell line (MCF7). They used the solvent 
extraction method to produce particles.

Janus particles recently gained interest in developing detection platforms and 
therapies for a range of cancer and other diseases. The main advantages of using 
Janus structures in the form of particles are as follows: (i) directly accessible con-
stituent functionalities in contrast to core-shell structures with directional control; 
(ii) possibility to integrate two or more trigger mechanisms with rapid, wireless, 
programmable control provided by magnetic phase; and (iii) ability to form any 
shapes of particles, which is otherwise not possible by conventional techniques, 
providing complex barcoded nano/micro-structures. For example, Zhang et al. [65] 
demonstrated CTN of HepG2 liver cancer cells by enhanced DXR loading, MRI T2 
contrast, and magneto-mechanical torque to kill cancer cells. An emulsion- 
evaporation method produced the required Janus nanoparticles with an average size 
of 100 nm consisting of iron oxide nanocubes and DXR in a porous silica structure.

6  Droplet Micro-Magnetofluidics (DMMF) for Cancer 
Detection and Therapeutics

The last section’s end paragraph described some of the key advantages of Janus 
particles. It is challenging to produce complex, shape-controlled particles by con-
ventional particle synthesis techniques. Droplet microfluidics is the most preferred 
technique to fabricate Janus particles. In addition to particle fabrication, droplet 
microfluidics was extensively used for point-of-care testing to rapidly diagnose dif-
ferent diseases, different lab-on-chip applications (e.g., organ-on-a-chip, skin-on-a- 
chip, liver-on-a-chip, heart-on-a-chip, etc.), single-cell analysis (e.g., sort circulating 
tumor cells (CTC) and perform its analysis), and recently AI-integrated enzyme 
production, gene expression, and cell mutation analysis to increase yield of various 
biological processes. An excellent review article by Dimitriou et al. [66] elaborated 
on natural hydrogel-based DMF techniques developing multicellular spheroid con-
figurations. They have described a range of applications of this methodology, 
including drug testing by constructing artificial tumors as well as cancer theranos-
tics by deploying anticancer drugs and artificial cellular assemblies.

This section will elaborate one regime of droplet microfluidics termed as droplet 
micro-magnetofluidics (DMMF) obtained by integrating magnetic nanofluids/par-
ticles and magnetic fields for droplet control, its utilization for particle fabrication, 
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and relevant application-specific DMMF approaches for cancer diagnosis, treat-
ment, and cancer theranostics (Table 3).

6.1  DMMF: Basics and Janus Fabrication

Integration of droplet microfluidics with magnetofluidics imparts remote, wireless, 
and programmable control of static and moving droplets; the resulting field is called 
droplet micro-magnetofluidics (DMMF). DMMF provides a new capability of con-
trolling phases inside moving droplets. The type of magnetic field and its distribu-
tion are the deciding factors for achieving specific nanoparticle distribution. Varma 
et al. [6, 8, 9, 67] were the first to demonstrate uniform magnetic field-based DMMF 
technology to perform merging, mixing, and sorting of interior droplet phases dur-
ing the motion of the droplets. In [6, 9, 67], they pioneered the development of 
experiments and simulations of uniform field-based DMMF platforms. They inves-
tigated the role of flow rate, flow rate ratio, magnetic field strength, field distribu-
tion, and MNP loading on droplet behavior and on command droplet’s shape change, 
merging, mixing, and sorting. In [9], their detailed simulation model predicted the 
merging conditions for uniform magnetic fields, which was experimentally vali-
dated categorizing flow rate-dependent regimes in multi-droplet merging, two drop-
let merging, and no merging. In addition, their studies determined the role of 
interfacial tension on droplet size, shape, and merging behavior.

The use of nonuniform magnetic fields of permanent magnets offers minimum 
cost of setup development; however, precise control on magnet position is inevitable 
due to high sensitivity to the field gradient. One way to address this is by hybrid 
magnetic field use. Ramanujan’s research group [8, 18, 68] used hybrid magnetic 
fields (combination of uniform and nonuniform magnetic fields) for Janus particle 
synthesis as well as droplet merging and in situ droplet size change after merging. 
Their Janus synthesis setup provided a surfactant-free, wash-less synthesis of mag-
netic Janus particles and demonstrated its use for protein detection. The magnetic 
control was achieved at a very low magnetic nanofluid content. This platform is 
useful to include the choice of any polymeric phase and desired functionalities in 
Janus particles required for cancer detection and cancer theranostics by multiple 
drug loading (hydrophilic or hydrophobic) and two or more trigger mechanisms 
(MFH, IR, or ultrasound) for release.

6.2  DMMF-Based Particles for Cancer Theranostics

In literature, different DMF and DMMF approaches have been developed for par-
ticle fabrication due to ease of integration of new functionalities as well as excellent 
control on particle size, shape, and polydispersity. Huang et  al. [69] developed 
SPION- and vinblastine-loaded chitosan particles for cancer theranostics achieved 
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by magnetic field-assisted guidance and on command release of vinblastine. They 
adopted the DMF approach to preparing droplets of SPION+ vinblastine+ chitosan 
phase crosslinked in 20%NaOH solution, achieving vinblastine loading efficiency 
of ~68%. The developed magnetic beads exhibited ~400μm size and 100% release 
in 80–130 min under the AMFC. For synergistic colorectal cancer therapy, Maher 
et al. [68] developed pH-responsive multifunctional curcumin and five fluorouracil- 
loaded MBs. MB’s average size was 26.5μm, and the structure consisted of porous 
silicon nanoparticles and magnetic nanowires. Li et al. [70] reported an interesting 
magnetic Janus droplet inside a shell configuration developed by symmetry break-
ing approach employed via 3D printed microfluidic platform producing artificial 
chassis of multilayered, functional shells with the desired gradient. The developed 
process helps to advance artificial cell models and fabricate particles for multimodal 
drug+ gene delivery by combining organic, inorganic, and biomedical functional-
ities in the same droplet.

Length scale effects are very critical for DMF and DMMF methodology since 
with the reduction of droplet size (specifically, less than l μm diameter), surface ten-
sion and drag force tend to have very high values. Moreover, due to smaller droplet 
size, magnetic content and the magnetic response of the droplets will be very small. 
Hence, working in the sub-micron (≤1μm) droplet size range to produce good qual-
ity particles using the DMMF methodology is challenging. However, one can 
address this challenge by (i) electromagnets to apply high magnetic field strength or 
(ii) adopting a chemical synthesis approach on the DMF platform to produce 
nanoparticles [71].

6.3  DMMF for Cancer Cell Sorting and Diagnosis

A range of DMMF-based detection devices used permanent magnet’s nonuniform 
magnetic fields for single-cell sorting [72–74] (e.g., to sort circulating tumor cells) 
and its analysis to diagnose cancer inside droplets or by fabricating functionalized 
complex particles. Sun et al. [75] developed a SERS-based DMMF device to simul-
taneously detect vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) 
secreted by a single cell. The single-cell analysis was performed inside spherical 
droplets by SPION and Ag NPs by two SERS signals, one a turn-on signal due to 
immune-sandwich and another amplified signal due to collection effect induced by 
the magnetic field. Shin et al. [76] performed early cancer diagnosis by rapid hepa-
titis C (HepC) detection on DMMF based on the point-of-care test (POCT) plat-
form. Their disposable real-time PCR performed multiplexed detection via 
functionalized MNPs, providing accurate detection up to 45 I.U. per 10μL sample 
volume. Serra et al. [77] developed a soft magnetic structure by water in oil 100 nL- 
sized droplets. They integrated droplet fingering fluidic capacitor resulting in supe-
rior cancer diagnosis demonstrated by gene expression study and mRNA extraction. 
Piao et al. [78] performed immunoassays on a digital DMMF utilizing 100 nL drop-
lets and successfully detected 50μg/mL human chorionic gonadotropin (HCG) by 
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chemiluminescence. HCG detection is vital for the early detection of several types 
of cancers. For the immunoassay, they used magnetic forces to separate and resus-
pend HCG antibody-coated paramagnetic particles.

7  Conclusions

Magnetic nanofluid droplets (MNDs) are an exciting new avenue for achieving can-
cer theranostics (CTN). This chapter provided comprehensive coverage of the same, 
starting from the theoretical foundation of the field and essential fundamental equa-
tions. Then, different approaches of MND-based CTN, categorized in three sec-
tions, were systematically described from the simplest form of magnetic aerosol to 
complex droplets and magnetic Janus structures for simultaneous diagnosis and 
multimodal cancer therapy. Each section of MNDs, MND-based particles, and 
droplet micro-magnetofluidics consisted of the elaboration of important representa-
tive examples as well as a comprehensive comparison of relevant representative 
approaches.

The MND’s can readily integrate a range of functionalities to obtain (i) a versa-
tile platform for cancer theranostics by programmable, remote, and wireless guid-
ance for cargo delivery with live contrast imaging, (ii) flexible nl to pl sized liquid 
containers to encapsulate desired hydrophobic and hydrophilic drugs, and (iii) CTN 
by multiple triggering components for multimodal, controlled, on command drug 
release. Moreover, these MND configurations can be transformed into solid or 
semisolid particles by including suitable polymers and crosslinking mechanisms. 
The field of droplet micro-magnetofluidics (DMMF) obtained by integrating MNDs, 
microfluidics, and suitable magnetic field system can fabricate complex Janus par-
ticles/structures for multimodal CTN, and it can perform rapid single-cell analysis, 
cancer diagnosis, and point-of-care testing for early warning of several types of 
cancers.

The AI-integrated DMMF platform can accelerate the development time several- 
fold via a combinatorial chemistry approach. Hence, this direction can provide lim-
itless R and D possibilities of cancer diagnosis, therapy, and cancer theranostics for 
future research.
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1  Introduction

Cancer is a broad term used for a group of diseases. Cancer is the rapid creation of 
abnormal cells which grow beyond their natural boundaries and spread to adjacent 
organs. Cancer is one of the main causes of death worldwide. The World Health 
Organization (WHO) reported ~10 million deaths in 2020 associated with cancer, 
and sadly this number is expected to increase in coming years.

The clinical treatments for cancer are chemotherapy, radiotherapy, immunother-
apy, gene therapy, hormonotherapy, surgery, and hyperthermia (Fig. 1a). None of 
these clinical treatments can guarantee a complete recovery from cancer. 
Hyperthermia is considered a medical procedure that kills malignant cancer cells 
and can be prescribed as either a primary or adjuvant treatment. The term “hyper-
thermia” is a combination of two Greek words, hyper and therme, which are associ-
ated with rise and heat, respectively. Hyperthermia also known as thermal therapy 
or thermotherapy means the rise in temperature of selected tissue or complete body. 
An early report on hyperthermia was published by German surgeon Carl D. W. Bush 
in 1886 [1, 2]. According to Bush, the sarcoma that developed on the face of a 
43-year-old lady was cured because of fever from bacterial skin infection “erysip-
elas” [1, 2]. In 1898, F. Westermark confirmed the effectiveness of hot water for 
cancer treatment [3]. Nonetheless, the medical application of hyperthermia was not 
grown sufficiently with time because of inappropriate heating methods and tem-
perature measuring technology. Hyperthermia and multimode therapy, in which 
hyperthermia is used along with other therapies, have received high interest recently.
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Fig. 1 (a) Types of cancer treatments and (b) possible heating sources for hyperthermia treatments

In hyperthermia, high temperatures applied to cancer tissue result in the death of 
cancer tissue with minimal side effects to normal tissues. A treatment only by 
hyperthermia may not be enough to kill the cancer tissues completely. Hyperthermia 
is usually used along with other form of cancer treatments, e.g., chemotherapy, 
radiotherapy, etc. Hyperthermia can damage those cancer cells which were not 
killed by radiation, or it can enhance the cancer cell sensitivity to radiation. A sub-
stantial improvement in survival rates has been witnessed in patients treated with 
combined hyperthermia and radiotherapy compared with radiotherapy alone [4–6].

Hyperthermia treatment is possible using various sources of heating, e.g., micro-
wave, infrared, ultrasound, direct heating, etc. (Fig.  1b). However, hyperthermia 
using these methods has many limitations [7], e.g.,

 (i) Laser or microwaves can damage superficial tissues, which results in an addi-
tional pain to patients.

 (ii) Treating deeply located cancer cells is a challenge.

In comparison, magnetic hyperthermia (MH), which relies on local heating of 
tumors, exhibits various advantages over other therapies. The magnetic response of 
magnetic nanoparticles (MNP) to an alternating magnetic field can treat deep tumors 
in a targeted fashion with minimum damage to surrounding healthy tissues.

Diagnosis of cancer at an early stage is the most effective method for the man-
agement of cancer treatment. Therefore, a technique to detect the early stages of 
cancer is always in high demand. Bioimaging can image a disease and aid in the 
understanding of the relevant biological structure and its functionality. Cancer ther-
apy combined with imaging techniques is an effective way to monitor the efficacy 
of treatment. Computed tomography (CT), positron emission tomography (PET), 
single-photon emission computed tomography (SPECT), magnetic resonance imag-
ing (MRI), ultrasound imaging (US), etc. are employed to evaluate the therapeutic 
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process and clinical diagnosis [8]. MRI exhibits several advantages over the other 
techniques, e.g., better soft tissue contrast and clearer differentiation between fat, 
water, muscle, and other soft tissue. The image contrast of MRI can be further 
enhanced using MNP as a contrast agent. Such MNP can be injected in the blood 
vessels and targeted to the tumors using external magnetic field gradient. The result-
ing MRI images can be beneficial in diagnosing a wide variety of diseases.

This chapter discusses magnetic hyperthermia (MH), the use of magnetic 
nanoparticles in enhancing the contrast of MRI and multimodal MRI. The impor-
tance of size, shape, composition, and magnetic properties of magnetic nanoparti-
cles (MNP) for hyperthermia and MRI applications is discussed. Heat generation 
mechanism of MH, the principle of MRI, biocompatibility of MNP, and current and 
future trends of MH and MNP coupled bioimaging are elucidated.

2  Magnetic Hyperthermia (MH)

One of the primary targets of hyperthermia is to kill cancer cells, with minimum 
damage to healthy tissues, by heating the affected region to a clinically defined 
temperature. In 1957, for the first time, micron size magnetic particles were applied 
for inductive heating of lymph nodes in dogs [9]. Clinical trials of MH were per-
formed by MagForce Nanotechnologies, Germany, in the early 2000s, and it is cur-
rently being used for cancer treatment in several other countries, e.g., Japan and 
China [10, 11]. Magnetic hyperthermia (MH) is capable of localized and controlled 
heating of deep tissues. MH is based on the exposure of MNP to an external electro-
magnetic field in the radiofrequency range (kHz to MHz) [10, 12]. The heat can be 
delivered locally to the tumor tissue by the MNP using an external alternating mag-
netic field (AMF). The heat transfer to the tumor can be controlled by optimizing 
the magnetic properties of MNP, the AMF strength, and the frequency. The ability 
of heating the MNP through AMF is generally assessed by the specific absorption 
rate (SAR). Obtaining high SAR at values of magnetic field strength and frequency 
which are safe for healthy tissues is necessary for the use of MNP for in vivo MH 
applications [13]. Iron oxide MNP shows high SAR and good biocompatibility. 
Therefore, several synthesis routes have been developed to obtain high-quality par-
ticles with tunable composition, shape, size, surface chemistry, and magnetic 
properties.

2.1  Heating Process in Magnetic Hyperthermia

Understanding the heating process of MNP in biological conditions is of high inter-
est. Therapies based on MH have been studied in various types of cancer, e.g., brain 
tumor, prostate cancer, or breast carcinoma [14–18]. The technique comprises 
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targeting MNP to the tumor tissue, followed by application of an external AMF 
which produces heat through loss mechanisms of the MNP [11, 19–21].

The magnetic moments of MNP dispersed in a carrier medium are affected by 
the AMF [22, 23]. The change in magnetic moments may be either physical rotation 
of the MNP or internal switching of the direction of the magnetic moments, known 
as Brownian and Neel relaxation, respectively. The magnetic energy is converted to 
thermal energy by the friction between the MNP and the surroundings (in Brownian 
relaxation) and/or the interaction of the magnetic moment with the atoms in the 
MNP (in Neel relaxation) or by hysteresis loss. Nonbiological applications of the 
heat generated by MNP in AMF include remotely controlled magnetocuring [24, 
25] and optical switching [26] (Fig. 2).

The Néel (τN) and Brownian (τB) relaxation times can be defined as [27].
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where K is the magnetic anisotropy, V is the volume of MNP, kB is the Boltzmann 
constant (1.38 × 10−23 J K−1), η is the viscosity of the medium, VH is the hydrody-
namic volume of the particle, and T is the absolute temperature (K).

Usually, the particle size distribution is broad, and Brownian and Neel processes 
occur simultaneously [27]. The effective relaxation time can be defined as.
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Fig. 2 Schematic of heating mechanism of MNP under AMF: (a) without field, (b) Brownian 
relaxation, and (c) Neel relaxation
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The heating power of MNP is calculated by the power loss (P) and is given 
by [28].
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Thus, the heat generation process depends on the frequency, the amplitude of the 
applied AMF, and the effective relaxation time of MNP.

Specific absorption rate (SAR) or specific loss power (SLP) represents the heat-
ing efficiency of a material. SAR can be expressed as the ratio of the power loss and 
the mass of the MNP (mMNP) [18].
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SAR can be measured using calorimetric and magnetometric methods. In the 
calorimetric method, AMF of a specific amplitude and frequency applied on MNP 
results in a rise in the temperature of MNP. Samples should be covered by thermal 
insulators to avoid heat loss to the surroundings during the experiment. SAR is cal-
culated from the change in the temperature of the sample with time under AMF and 
frequency, defined by the equation below [25, 28, 29].
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where Csolvent is the specific heat capacity of the solvent, msample is the mass of the 
sample, mMNP is the mass of the MNP, and dT/dt is the slope of the temperature 
versus time curve. Another approach to calculate the SAR is by AC magnetometry 
measurements. The SAR can be determined from the area of the hysteresis curve 
using [30].
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where Ahys is the area enclosed by the hysteresis curve and f is the frequency. A large 
SAR is necessary for therapeutics, while the AC field and frequency are constrained 
by biological constraints. A direct comparison of reported SAR for different materi-
als measured under varying conditions is not straightforward since it depends on the 
applied AMF strength and frequency (Eqs. 4 and 5). This issue can be resolved by 
normalizing the SAR to the amplitude of AMF and frequency which is known as 
intrinsic loss power (ILP) [31, 32].
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ILP is a system-independent parameter and permits direct comparison between 
the measurements performed using distinct experimental conditions and instru-
ments by various investigators. However, this equation is not valid for large MNP 
and SAR measured at high frequency and high AMF [33].

2.2  Effect of MNP Size, Shape, and Composition 
on Magnetic Hyperthermia

For biomedical applications, MNP which exhibit superparamagnetic behavior at 
room temperature are preferred [34–36]. These MNP should be stable in a physio-
logical environment for biological applications. MNP such as cube-shaped iron 
oxide [37], hybrid core–shell materials [38, 39], iron oxide multigrain structures 
[40], hollow nanostructures [41], magnetite nanocrystals [42, 43], etc. have been 
studied. MNP of Fe3O4 and related spinels containing cobalt, nickel, manganese, or 
other substitutions have been evaluated [44–59].

The SAR is quite sensitive to the MNP characteristics. Hence, there is a strong 
need for the optimization of MNP for MH applications. In MH, Néel relaxation, 
Brownian relaxation, and hysteresis loss are responsible for MNP heating [60]. 
Their relative impact is highly dependent on size, shape, crystal anisotropy, agglom-
eration of the MNP, and the nature of the surroundings [28, 60, 61]. Octahedral iron 
oxide MNP can exhibit higher SAR than their spherical counterparts because of 
their superior magnetic properties. SAR values of octahedra examined at a fre-
quency of 358 kHz and a field strength of 800 Oe increase from 1220 to 2629 W-g−1 
with a change in the particle size from 22 to 98 nm [62]. Table 1 and Fig. 3 show the 
change in SAR of iron oxide MNP with particle morphology, size, applied field, and 
frequency.

3  Magnetic Imaging

Bioimaging techniques can aid in the detection of certain diseases as well as to 
understand the structure and the function of the relevant entity being studied. 
Magnetic resonance imaging (MRI), based on the principle of nuclear magnetic 
resonance (NMR), is a widely used technique in the imaging of soft tissues. 
Compared to other imaging techniques, MRI has numerous benefits including 
enhanced soft tissue contrast, high spatial resolution, and no radiation risk [71]. The 
penetration depth of MRI is sufficient to image organs within the human body. 
However, the poor sensitivity of MRI is a limitation for the detection of small bio-
logical targets, such as small tumors. The use of MNP as MRI contrast agents can 
help to address the low sensitivity issue.
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Table 1 Effect of size and shape of MNP on MH performance

Morphology
Particle size 
(nm)

Magnetic field 
(Oe)

Frequency 
(kHz)

SAR 
(W-g−1) References

Cubes 20 300 700 2277 [63]
30 125 410 960 [42]
35 300 320 1391 [64]
40 250 325 960 [65]
60 8 1000 2614 [66]

Octahedra 6 310 247 163 [67]
8 310 247 184 [67]
12 310 358 275 [67]
22 800 358 1220 [62]
43 800 358 2483 [62]
98 800 358 2629 [62]

Nanoplates 12 × 3 800 310 125 [68]
225 × 26 580 488 4400 [69]

Rods 45 × 10 415 390 1072 [70]
41 × 7 800 310 540 [30]
65 × 5.7 800 310 1300 [30]

Hydrogen atoms in living organisms, primarily in the form of water or hydrocar-
bon, are used to produce a signal. The magnetic resonance signal is obtained by 
placing a patient in a strong magnetic field (B0). The hydrogen nuclear spins align 
either in the same or opposite direction to the magnetic field, corresponding to the 
lower-energy state or higher-energy state, respectively [72]. When radiofrequency 
(RF) pulses are applied, the nucleus absorbs the energy, and the number of the spins 
in a higher-energy state (i.e., antiparallel with B0) increases. Upon removal of RF, 
the nuclei relax to the equilibrium state (i.e., parallel with B0) by emitting the energy 
gained during the application of RF. This process involves two types of relaxation, 
known as T1 (longitudinal) and T2 (transverse), associated with longitudinal magne-
tization recovery and transverse magnetization decay, respectively. These relaxation 
processes can be recorded and then reconstructed into images by MRI. These 
images are commonly classified into T1-weighted and T2-weighted MRI images. 
The contrast of these MRI images can be tuned. In the case of T1-weighted images, 
faster T1 relaxation rate (R1) results in brighter contrast. A faster T2 relaxation rate 
(R2) yields darker contrast in T2-weighted images. However, the contrast difference 
between the target and surrounding tissues is sometimes insufficient.

The relaxation rate and therefore the image contrast can be enhanced using MNP 
as a contrast agent. Such MNP can be injected in blood vessels and targeted to the 
tumors using an external magnetic field gradient. The optimal properties of MNP, 
such as size and composition of the core, thickness, and type of shell, are important 
to enhance signal quality. The T2 relaxation rate (R2) of superparamagnetic nanopar-
ticles dispersed in a solution can be defined by quantum mechanical outer-sphere 
theory [73–75].
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Fig. 3 SAR values as a function of (a) frequency, (b) particle size, (c) alternating magnetic field 
strength at a frequency of 320  kHz, and (d) alternating magnetic field frequency of 700  kHz. 
(Reprinted with permission from [63] P. Guardia et al., ACS Nano 2012; 6:3080-91 Copyright © 
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where γ, Ms, v, r, D, and L are the proton gyromagnetic ratio, saturation magnetiza-
tion, the volume fraction, the radius of MNP (core), the diffusion coefficient of 
water molecules, and the thickness of the surface coating, respectively. It is clear 
from Eq.  9 that MNP with large Ms is necessary to attain efficient T2 contrast. 
Saturation magnetization is usually an intrinsic property of bulk materials; however, 
for MNP, it strongly depends on particle size, shape, and surface properties. The 
saturation magnetization of MNP (Ms) can be calculated using the following 
equation:
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where Ms
Bulk is the saturation magnetization of the material in bulk form, r is the 

radius of MNP, and d is the thickness of the spin disordered surface layer. Usually, 
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the larger spherical nanoparticles approach the bulk saturation magnetization 
( Ms

Bulk ) values and exhibit high T2 relaxation rates (R2). However, particles with 
large size exhibit ferri- or ferromagnetic properties, which results in interparticle 
agglomeration [76].

3.1  Effect of MNP Composition, Shape, and Size on T2 
Relaxation Rate (R2)

Superparamagnetic iron oxide MNP are T2 contrast agents for MRI because of their 
good biocompatibility and physiological stability [77, 78]. T2 relaxation rate (R2) 
can be tuned by the composition and effective magnetic radius of MNP (which 
depends on the morphology) [75, 79–83]. The mass magnetization of MnFe2O4, 
Fe3O4, CoFe2O4, and NiFe2O4 was found to be 110, 101, 99, and 85 emu/g of mag-
netic atoms, respectively. The corresponding effective spin magnetic moment was 5, 
4, 3, and 2 μB, respectively [79]. Figure 3a shows the relaxivity (R2) with changing 
MNP composition for a fixed particle size of MNP. MnFe2O4 exhibits better contrast 
and higher relaxation rate (R2) compared to Fe3O4, CoFe2O4, and NiFe2O4 MNP. The 
R2 decreases monotonically for lower effective magnetic moment of MNP. The R2 
increases with larger particle size for both MnFe2O4 and Fe3O4 (Fig. 4b). The signal 
intensity of T2-weighted images decreases substantially with increasing Fe concen-
tration (Fig. 4c). The dipolar interactions of the magnetic moments of MNP and 
protons of water make the images darker [84]. The T2 relaxivities of polyvinylpyr-
rolidone iron oxides (PVP-IOs) increase with the size of the MNP and the Fe con-
centration (Fig. 4d).

Additionally, octopod iron oxide MNP are found to be very effective as T2 con-
trast agents for in vivo MRI, confirming the importance of morphology for T2 relax-
ivity [75]. The octopod shape iron oxide MNP with an edge length of 30  nm 
exhibited Ms of ~71 emu/g yet a high R2 of ~679 mM−1 s−1 [75]. The shape anisot-
ropy in such octopod nanoparticles and a substantial increase in the effective radii 
of the magnetic cores are the possible reason for high T2 relaxivities. Such magnetic 
structures are projected as potential T2 contrast agents for in vivo MRI. However, 
the size of these MNP is beyond the lower size limit for kidney clearance [85].

4  Multimodal Imaging

Two or more imaging techniques can provide accurate information compared to an 
individual method [86]. The limitations of a particular modality can be removed by 
grouping multiple techniques with complementary strengths [87]. For example, 
information about the tumor can be obtained by PET images, while anatomical data 
can be gathered by CT and MRI images. Multimodal imaging probes or 
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Fig. 4 (a) Relaxivity (R2) of MnFe2O4, Fe3O4, CoFe2O4, and NiFe2O4. Particle size of all the MNP 
was the same, i.e., 12 nm. MnFe2O4 MNP exhibited the strongest MR contrast effect and the high-
est R2 coefficient, (b) change in relaxivity (R2) with particle size of Fe3O4 and MnFe2O4 MNP, (c) 
T2-weighted MR images of polyvinylpyrrolidone iron oxides (PVP-IOs) in aqueous solution with 
various concentrations, (d) 1/T2 versus the Fe concentration for PVP-IOs and Feridex. (“c” and “d” 
are reprinted with permission from [84], J. Huang et al., ACS Nano. 2010; 4:7151–60, Copyright 
© 2012, American Chemical Society)

nanoparticles have the capability to cross the borders of a single imaging modality. 
Different modalities can be combined in, e.g., iron oxide-based multifunctional 
magnetic nanoparticles which can carry more than two imaging agents. Multimodal 
imaging such as trimodal PET/CT/optical and bimodal MRI/ PET agents based on 
iron oxide MNP have been examined [87–89]. Magnetic nanoparticles (MNP) have 
capability to be considered as superior and predominant multimodal imaging agents 
[90]. The iron oxide-based magnetic nanoparticles have drawn significant attention 
for the diagnosis/treatment of cancers because of their high magnetization, mag-
netic susceptibility, and low cohesivity as compared to common paramagnetic con-
trast agent (Gd-DTPA) [91, 92]. For cancer therapies, MNP can focus on the exact 
desirable spot and efficiently treat the tumor by raising the tumor temperatures to 
therapeutic levels. On the other hand, MNP work as thermal seeds in the targeted 
tumor, which can be imaged using MRI. In this way, the therapy and diagnostics are 
combined in a single platform. Furthermore, the imaging contract using nanoparti-
cles can be far increased by doping the manganese with Fe2O3, due to the high 
sensitivity of 55Mn for MRI. However, the efficiency of multimodal and multifunc-
tional applications primarily depends on the quality of magnetic nanoparticles.
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MRI/PET multimodal imaging offers significant advantages over single imaging 
modality. MRI/PET contrast probes that combine a magnetic core with the radionu-
clide and 64Cu or 124I labelled on the polymeric surfaces of the particles have been 
developed [93–96]. This multimodal approach allows MRI linked with PET images 
with greater sensitivity of contrast than MRI alone [96, 97]. The human serum 
albumin- covered MNP were labelled with 64Cu-DOTA and Cy5.5 and examined in 
a subcutaneous U87MG xenograft mouse model with PET/MRI/NIRF imaging [94].

MNP with controlled size, shape, and composition are necessary for MH, MRI, 
and multimodal systems. Therefore, synthesis, functionalization, and biocompati-
bility of MNP are briefly discussed in following section.

5  Synthesis of Magnetic Nanoparticles

Choosing a synthesis method to control the size, shape, and composition of MNP is 
useful to fine-tune the magnetic properties [98]. The reaction temperature, time, gas 
flow, type of precursors, precursors to solvent ratio, and number of stabilizing 
ligands can affect the characteristics of the MNP. Optimization of reaction param-
eters is necessary to get high-quality MNP. Nanoparticles exhibit very high surface 
energy especially if particle size is <10 nm. Chemical modification of the surface of 
these particles can affect the nanomaterial properties significantly. The modified 
surface can possess different magnetic characteristics compared to the particle 
core [99].

There are a number of methods to synthesize the MNP including micro- emulsion, 
co-precipitation, micelles, polyols, mechanochemical, etc. [100–136]. All methods 
have their own advantages and limitations. Chemical methods allow the formation 
of nanoparticles with a narrower particle size distribution. In the chemical methods, 
usually, we start from metal precursors and dissolve them in a solvent. Magnetic 
nanoparticles of the oxides can be easily synthesized using different chemical meth-
ods. Some of the chemical methods and corresponding pros and cons are listed in 
Table 2.

As can be seen from Table 2, hydrothermal and thermal decomposition methods 
result in a narrow size distribution, good control of shape, and high yield. However, 
these chemical reactions occur at high temperature/pressure and take a long time to 
complete.

Iron oxide nanoparticles with particle sizes in the range 4–28 nm were synthe-
sized by thermal decomposition of an iron precursor in high boiling solvents [141]. 
The Ms was found to be increased for larger size of the MNP [141, 142]. Monodisperse 
Fe3O4 MNP were prepared using the high-temperature chemical reduction of 
Fe(acac)3 in phenyl ether, oleic acid, and oleylamine [143]. Seed-mediated growth 
was used to control particle size, in a size range from 3 to 20 nm.
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Method Biosynthesis Electrochemical Sonochemical 

method

Micro-

emulsion

Aerogel 

vapour 

Co-

precipitation

Polyol 

and sol-

gel 

Hydro- and 

solvothermal

Thermal 

decomposition

Reaction atmosphere Ambient Ambient Ambient Ambient Insert 

atmosphere 

Ambient Ambient high pressure Insert 

atmosphere 

Reaction 

temperature (ᵒC)

Room 

Temperature 

Room 

Temperature 

20-50 20-80 >100 20-150 20-200 150-220 100-350

Reaction time Hours to days Hours to days Minutes Hours Minutes to 

hours

Minutes Hours Hours to days Hours to days 

Size distribution Broad Medium Narrow Narrow Medium Medium Narrow Very narrow Very narrow 

Shape control Not good Medium good Not good Good Medium 

good

Not good Good Very good Very good

Yield Low Medium Medium Low High High Medium High High

Table 2 Summary comparison of synthesis methods for magnetic nanoparticles [137–140]

Desired and undesired items are highlighted by green and orange color

5.1  Particle Size and Shape Effect on the Magnetic Properties

Magnetic properties can be altered if at least one dimension of the specimen is in the 
nanometer range [139, 144]. A change in several magnetic properties, e.g., super-
paramagnetism, remanence enhancement, and exchange averaging of anisotropy, 
may be observed at small sizes. The transition from superparamagnetic to single 
domain to multi-domain for MNP depends on size and/or geometry of the particles.

The influence of particle radius (r) on the magnetic properties can be expressedby 
r

k T

K
B

U

=
6

3 , where kB, T, and KU are Boltzmann constant, temperature, andanisot-
ropy constant, respectively. Saturation magnetization increases for larger particle 
size until a threshold size that exhibits a Ms close to the bulk value [145–147].

MFe2O4 (M = Mn, Fe, Co, Ni, and Zn) MNP were synthesized using a technique 
in which an amine was utilized as a reducing and surface coating agent [148]. The 
particle sizes were tuned by controlling the amine-to-precursor ratio and by seed- 
mediated growth. The Ms of the MNP was changed by changing the composition 
and size from 27 emu/g (ZnFe2O4 with particle size of 4 nm) to 86 emu/g (MnFe2O4 
with particle size of 16 nm). The Ms of MFe2O4 MNPs was maximum for M = Mn, 
while it was a minimum for M = Zn. Higher Ms was observed for increasing parti-
cle size.

The influence of the surfactant and reducing agent on the shape, size, and mag-
netic properties of iron oxide nanoparticles was studied [149]. Pseudospherical/
faceted particles with size in the range of 4–20 nm and Ms of 80 to 85 emu/g at a 
temperature of 5 K were achieved when using oleic acid as a surfactant. Moreover, 
decanoic acid results in larger pseudocubic particles of 45 nm and a larger Ms of 
92 emu/g, which is close to the bulk Ms of magnetite. The size and shape of MNP 
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can be changed by introducing a different reducing agent, e.g., 1,2-hexadecanediol, 
hydrazine, decanoic acid, etc. [149, 150]. Particles with a cube shape have a higher 
Ms than spheres [151]. Cubic iron oxide MNP exhibited higher crystallinity than 
their spherical counterparts [152]. A summary of the dependence of Ms and Hc on 
the size, shape, and composition of the MNP is shown in Table 3 and Fig. 5.

The surface and interface effects are significant when particle size decreases, 
e.g., cobalt nanoparticle with a diameter of ~1.6 nm exhibits more than half of the 
total spins on the surface [138, 161]. Therefore, surface spins play a key role in the 
magnetic characteristics of magnetic nanoparticles. The broken symmetry on the 
surface can alter the lattice constant and atom coordination. Therefore, surface 

Table 3 The dependence of magnetic properties at room temperature on size, shape, and 
composition of MNP

MNP
Particle size 
(nm) Shape

Magnetic 
properties

References
Ms 
(emu/g)

Hc 
(Oe)

Zn0.4Fe2.6O4 22
18

Sphere
Cubes

145
165

–
60

[151]

Fe3O4 8.5
8

Spheres
Cubes

31
40

0
0

[152]

Fe3O4 12
12 (side)
12 (width)
12 (width)

Spheres
Cubes
Rods
Octahedron

80
40
18
80

0
0
~55
0

[153]

Fe3O4

Ni0.04Fe2.96O4

Ni0.06Fe2.94O4

Ni0.11Fe2.89O4

8
8
10
8

80.1
84.2
80.5
82.8

153
180
250
190

[154]

Ni0.8Zn0.2Fe2O4

Ni0.6Zn0.2Mg0.2Fe2O4

Ni0.4Zn0.2Mg0.4Fe2O4

Ni0.2Zn0.2Mg0.6Fe2O4

Zn0.2Mg0.8Fe2O4

36
41
45
35
59

Spheres
Spheres
Spheres
Spheres
Spheres

43.1
41.7
41.0
30.4
36.1

65.8
57.0
35.0
17.4
11.9

[155]

Fe3O4

MnFe2O4

CoFe2O4

NiFe2O4

12
12
12
12

Spheres
Spheres
Spheres
Spheres

101
110
99
85

[79]

Fe3O4 7
13.2
25.6
32.9
51.6
97.3
19
30
36
42
106

Spheres
Spheres
Spheres
Spheres
Spheres
Spheres
Cubes
Cubes
Cubes
Cubes
Cubes

58.4
61.1
68.3
64.2
71.2
85.9
76.1
67.5
67.5
92.1
87.4

0
~0
~0
32.3
62
87.4
~0
33.7
86.2
277.2
327.2

[156]
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Fig. 5 Magnetic properties (a) Ms versus size for various oxide MNP, (b) Ms versus size for vari-
ous shapes of iron oxide MNP, (c) Hc versus size for different shapes of iron oxide MNP, and (d) 
Ms versus composition for cubes (CoFe2O4) and hollow spheres (ZnFe2O4). (Data are taken from 
Refs. [148, 157, 159, 160])

MNP
Particle size 
(nm) Shape

Magnetic 
properties

References
Ms 
(emu/g)

Hc 
(Oe)

Fe3O4 16.6
20.1
26.4
35.5
40.2
47.4

Octopods
Octopods
Octopods
Octopods
Octopods
Octopods

50.6
68.4
66.7
65.3
65.5
81.7

~0
25
72
100
151
103

[157]

Fe3O4 
Mn0.2Fe0.8Fe2O4  
Mn0.4Fe0.6Fe2O4  
Mn0.6Fe0.4Fe2O4

Mn0.8Fe0.2Fe2O4  
MnFe2O4

10.5  
10.6  
12.3  
13.6  
17.4  
19.0

~ Spheres
~ Spheres
~ Spheres
~ Spheres
~ Spheres
~ Spheres

53.4
56.3
63.3
68.2
68.7
68.8

[158]

atoms experience large anisotropy, and core to surface exchange anisotropy is also 
possible. Large anisotropy on the surface resulting from the broken symmetry of 
their surroundings is known as Neel surface anisotropy [101, 162].
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With decreasing particle size, the magnetic anisotropy (Keff) may surpass the 
value obtained from crystalline and shape anisotropy, due to the change in surface 
anisotropy. The anisotropy energy of a spherical particle (Keff) is defined as the sum 
of the contribution from the bulk (core) and from the surface: K K d KV Seff � � 6 , 
where KV, KS, and d, are bulk anisotropy, surface anisotropy, and particle diameter, 
respectively. Hence, the Keff can be changed by altering the surface of the MNP [163].

6  Surface Modification and Biocompatibility 
of Magnetic Nanoparticles

The surface modification of MNP is vital for applications in MH and MRI. Without 
surface coatings, iron oxide MNP are hydrophobic in nature [139, 164]. The hydro-
phobic interactions between the nanoparticles result in agglomeration. These 
agglomerated particles act as clusters. Magnetic dipole–dipole attractions among 
clusters result in ferromagnetic interactions. This results in increased aggregation of 
particles.

Surface coating of MNP is mandatory to reduce agglomeration of the nanopar-
ticles and to have functional groups, e.g., drugs, targeting ligands, proteins, etc. 
[137, 165–169]. For these coatings, a large group of materials have been explored 
including inorganic materials (e.g., gold, silica, etc.) and organic materials (e.g., 
dextran, chitosan, polyethylene glycol, etc.) [170–172]. The functionalization and 
surface coating of MNP results in a change in magnetic properties. A nonmagnetic 
coating on the surface will reduce the effective value of Ms. If the coating is mag-
netic, interface coupling between the two types of magnetic order can result in a 
change in anisotropy and a shift in the hysteresis loop known as “exchange bias.”

For multimodal imaging and multifunctional applications, maintaining good bio-
compatibility and low toxicity is required. Surface modification of the MNP has 
been used to improve the biocompatibility for in vivo applications [173–176]. CdSe/
Fe3O4 nanoparticles can be used for bioimaging and anticancer therapy. In addition, 
co-encapsulation of CdSe/Fe3O4 has shown better biocompatibility than only Fe3O4 
MNP (Fig. 6) [175].

7  Challenges and Outlook

In the last few decades, there is a significant growth in understanding the mecha-
nism and role of MNP in MH, MRI, and multimodal imaging. Future research can 
examine (i) the factors which result in a major change in properties under in vivo 
condition, (ii) level of toxicity, and (iii) more clinical trials. Tight particle size dis-
tribution, the efficient surface functionalization of MNP, and more homogeneous 
distribution of these functionalized MNP within the targeted area are challenges. 
The clinical applications of MNP in therapy and imaging are compelling; however, 
acceleration in development and validation is needed.
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Fig. 6 Biocompatibility of Fe3O4 MNP and CdSe/Fe3O4 nanoparticles using triple-negative breast 
cancer cells (TNBC) as a cellular model. (Reprinted from [175], MA Antoniak et al. Materials 
Science and Engineering: C. 2021:112224.© 2021, Elsevier)
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An Up-to-Date Look at In Vitro Models 
of Nose-to-Brain Drug Delivery

Cansel Kose Ozkan, Ozgur Esim, and Ayhan Savaser

1  Introduction

The nose is the initial segment of the respiratory framework that permits air to enter 
the body. Simple application and high surface region make it a significant option for 
nasal medication applications. The nasal route has received a lot of attention for the 
last 20 years as it offers many advantages such as rapid absorption and onset of 
pharmacological action, avoidance of liver first-pass effects and high systemic 
effect, and practicality of the route of administration [1–3]. There is intense interest 
in using the nasal passages to transport drugs to the brain. The use of many different 
techniques, like nanosystems, for drug delivery to the brain provides a significant 
advantage over conventional methods [4]. For example, the most important advan-
tage of drug delivery technology with nanoparticles is that these particles increase 
the blood-brain barrier penetration of the therapeutic drug molecule [5]. For a long 
time, the use of nanoparticle drug delivery systems has been studied for increasing 
the absorption and cellular uptake of p-glycoprotein substrates [6, 7].

In this chapter, the blood-brain barrier, which is a major barrier to drug targeting 
to the brain, and the main prognostic factors affecting transport across the barrier 
and the mechanisms used to increase drug concentration in the central nervous sys-
tem will be explained. In addition, information will be provided on the characteris-
tics of the most commonly preferred nasal route, targeting drugs to the central 
nervous system in nasal administration, and the evaluation of both conventional and 
nanoparticular drugs, which are planned to be used experimentally as intranasal 
applications, in models simulating the blood-brain barrier. Also, a literature review 
of the recent studies on this subject will be presented in this chapter.
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2  Central Nervous System Diseases Treated by 
Peripheral Route

The central nervous system is one of the two main parts of the body’s nervous sys-
tem. The nervous system functions as the communication network and control cen-
ter of the body [8]. And the central nervous system (CNS), which consists of the 
brain and spinal cord, is the control center of the entire nervous system. All the 
senses of the body are transmitted to the central nervous system [9]. All the nerve 
impulses that cause the contraction of the muscles and the secretion of the glands 
are controlled by the central nervous system. Most central nervous system (CNS) 
diseases cause disability or mortality. There is no certain cure for many diseases of 
this vital system [10]. One of the barriers in the treatment of these diseases is not the 
lack of effective drugs but the inability of active substances to reach the diseased 
area [11]. Modern drug development efforts are based on the evaluation of the effec-
tiveness of the active substances by injecting them directly into the brain. However, 
when these developed drugs are applied to the organism by various administration 
routes, most of them cannot cross the blood-brain barrier (BBB) [12]. It is the BBB 
that limits the penetration of water-soluble substances from the blood to the central 
nervous system (CNS) and their penetration into the cerebral parenchyma. Therefore, 
the active substances used in the treatment of most diseases cannot reach the target 
brain area, even if they have a low molecular weight [13]. Statistically, only 1% of 
the known active substances can affect their target area arriving through the BBB; 
the others fail to cross this barrier [14]. As a result of the low penetration of the 
active substances into the membranes, the expected therapeutic efficacy cannot be 
achieved [15, 16].

One of the alternative methods used to reach the diseased area is peripheral routes.

2.1  Multiple Sclerosis

Multiple sclerosis (MS) is a typical human neuroinflammatory CNS disease charac-
terized by diffuse focal and diffuse infiltration of mononuclear cells for white matter 
and gray matter [17]. For a long period of time, it was thought that MS only affects 
white matter. However, imaging and histopathological analysis have shown that the 
cerebral cortex also plays a role in early MS. The rat model for MS disease shows 
the binding of T cells and diapedesis (blood leakage) from the blood-brain barrier 
and leptomeningeal vessels [18]. Thus, meningeal vessels provide clues for immune 
cells to reach the leptomeningeal space and from there to the parenchyma [19]. 
Clinical specimens associate “subpial demyelinating lesions” topographically with 
meningeal infiltrates [20]. The presence of MS lesions in the optic nerves and spinal 
cord and pre-ventricular white matter strengthens the concept of immune cell inva-
sion not only through the blood-brain barrier but also through the leptomeningeal 
space and blood-CSF barrier [19, 20]. The ratio of the restrictive nature of the 

C. K. Ozkan et al.



117

permeability barrier in leptomeningeal vessels is not uniform, and the tendencies for 
restriction and prevention are concentrated in different CNS areas [21, 22].

2.2  Alzheimer’s Disease and Parkinson’s Disease

Cerebral vascular EC dysfunction and migration of leukocytes across the blood- 
brain barrier can be seen in the early stages of the development of neurodegenera-
tive diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [21, 
23]. However, it is difficult to describe whether such cases constitute the cause or 
the result of other cases. AD and PD phenotypes are age-dependent and begin years 
before pathology symptoms [24]. The drug resistance function of the blood-brain 
barrier decreases with aging, leading to decreased clearance of neurotoxic products 
and increased oxidative stress in the brain. Thus, the risk of neurodegenerative 
pathology increases as well [25].

One of the most important factors in AD is amyloid β accumulation. In many 
studies, it has been shown with CSF measurement or imaging of the brain with posi-
tron emission tomography (PET) that amyloid β increases threefold during 
Alzheimer’s disease [26]. The results of the studies on reducing the amyloid load, 
which is accepted as one of the main approaches for the treatment of the disease, are 
not promising [26, 27]. One of the current approaches for the treatment of AD is 
γ-secretase inhibition to reduce amyloid β production [28]. Tarenflurbil and 
semagacestat made it to phase III, but both were halted for various reasons [29].

2.3  Human Immunodeficiency Virus (HIV)

According to anecdotal reports, HIV can cross the blood-brain barrier during acute 
infection, but due to the lack of data collected in the pre-seroconversion period, the 
precise timing for human subjects, the type of CNS infection, and the degree of 
CNS inflammation are unlikely to be understood [30–32]. The early immunological 
response of the host and the degree of reservoir load may clarify the early CNS 
damage and the long-term neuropathogenesis of HIV [33].

2.4  Cancer

Primary and metastatic brain tumors are heterogeneous tumor groups with varying 
outcomes and management strategies. Primary brain tumors can range from the rare 
“pilocytic astrocytomas” that are noninvasive and curable without surgery to the 
multiform glioblastomas, adult intraparenchymal brain tumors, that are invasive and 
incurable [33, 34].
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Common CNS cancer types are malignant glioma, CNS lymphoma, ependy-
moma, medulloblastoma, and trigeminal neuralgia. Guidelines containing informa-
tion on treatment approaches and diseases are updated annually when applicable. 
Since this field is constantly evolving and developing, the most appropriate approach 
should be considered for each patient [34, 35].

2.5  Infections

2.5.1  Bacterial Meningitis

Bacterial meningitis is a common disease caused by Streptococcus pneumoniae and 
Neisseria meningitidis [36]. The rate of incidence of meningococcal meningitis 
caused by Neisseria meningitides for newborns and children is as high as in adults, 
but there are differences between age groups [37]. Bacteria are encapsulated in the 
three groups with the highest incidence rate, thus invading the upper airway and 
entering the bloodstream into the subarachnoid space [38, 39]. The infectious organ-
ism first colonizes the nasopharynx. When it enters the blood circulation, the cap-
sule structure prevents the organism from being recognized and destroyed by the 
body [40]. The organism then crosses the blood-brain barrier and proliferates in the 
CNS, causing inflammation. Inflammation increases the permeability of the blood- 
brain barrier and creates vasogenic edema. Cerebral edema increases intracranial 
pressure, resulting in decreased cerebral perfusion and secondary injuries due to 
ischemia [41].

2.5.2  Viral Encephalitis

Viral encephalitis is an infection that causes inflammation in the brain parenchyma. 
Viruses that cause encephalitis are arboviruses, HSV, herpes zoster virus (HZV), 
Epstein-Barr virus (EBV), cytomegalovirus (CMV), and rabies [42, 43].

2.6  Traumatic Brain Injury (TBI)

TBI is the most common cause of death for children and young adults in developed 
countries. The pathology of TBI presents high heterogeneity because of immediate 
and delayed mechanisms [44, 45]. Immediate primary injuries are impact-related 
and cannot be cured but are considered preventable. In cases of delayed second- 
phase damage, there is time for intervention, and therefore, they are important. One 
of the treatment approaches is to increase the blood-brain barrier permeability. 
VEGF provides promising results in this regard [46]. Other prominent blood-brain 
barrier damage-inducing candidates are histamine and hydroxytryptamine, which 

C. K. Ozkan et al.



119

are used to prevent edema [47]. Reducing MMP activity after head trauma may 
maintain the blood-brain barrier. Activated protein C (APC), which is an endoge-
nous anticoagulant and provides neuroprotection for strokes, is accepted as a fine 
approach for the treatment of TBI [48].

2.7  Gilles de la Tourette Syndrome (GTS)

For a long time, GTS was thought to be of psychological origin. But studies have 
shown that GTS is based on genetic, autoimmune, neuroanatomical, and neuro-
chemical disorders. Neuroimaging shows abnormal activities in the cortical and 
subcortical areas. The role of dopamine in the neurobiology of GTS has been proven 
by pharmacological studies, and dopamine antagonism is used in studies on the 
treatment [49].

2.8  Neurodegenerative Diseases

Spinocerebellar neurodegeneration can lead to different diseases. Neurodegeneration 
can cause symptoms of incoordination (ataxia), muscle weakness, and sensory loss. 
Huntington’s disease and Friedreich’s ataxia are two of the diseases that can be 
observed under such conditions. Treatment strategies for neurodegenerative disor-
ders use histone deacetylase (HDAC) inhibitors, which act by modifying gene 
expression. The use of HDAC inhibitors is especially important for Huntington’s 
disease, which is caused by the expansion of the CAG repetitive region of the HTT 
gene [50].

2.9  Epilepsy

Epilepsy is a chronic neurological disease that affects quite a lot of people around 
the world. Current treatment approaches fail to treat 30% of patients, and of the 
patients, 20% experience treatment-resistant seizures. For this purpose, ongoing 
research focuses on active substances that can be used effectively in different types 
of seizures. Some broad-spectrum anticonvulsants used for epilepsy cases are useful 
in the treatment of other CNS diseases. In addition, this type of drug is also used for 
neuropathic pain, bipolar disorder, migraine, and substance abuse cases [51].

An Up-to-Date Look at In Vitro Models of Nose-to-Brain Drug Delivery



120

2.10  Migraine

Migraine is a recurrent neurological disorder that causes workforce loss. According 
to 2017 data, the prevalence of migraine for the 15–55 age group is 21.8% for 
females and 10.9% for males in Turkey [52]. Migraine is characterized by intermit-
tent severe throbbing unilateral headaches and pain along with nausea, vomiting, 
and sensitivity to light, sound, or movement. Attacks can last for 4–72 h, and visual 
disturbances called aura occur in 10–20% of patients. The monthly average of 
migraine attacks is around 2 [53]. The pathophysiology of migraine is still not fully 
elucidated. However, a neurological disorder in the brainstem is thought to cause 
migraine. Migraine basically occurs through three mechanisms: cranial arterial 
vasodilation, extracerebral neurogenic inflammation, and decreased inhibition of 
central pain transmission, and activation of the trigeminovascular system centrally 
and peripherally causes the release of vasoactive neuropeptides such as calcitonin 
gene-related peptide (CGRP), substance P, and neurokinin A, and this causes vaso-
dilation, sterile inflammation of blood vessels, and pain signal transduction [54]. 
Serotonin mediator has been associated as a mediator of migraine attacks for many 
years due to its decreased level during migraine attacks and relieving effect of sero-
tonin infusion on migraine attacks [55]. Sumatriptan is the first selective 5-HT 
1B/1D serotonin receptor agonist developed for this purpose. When it was first dis-
covered, it was described as a groundbreaking discovery in the treatment of acute 
migraine, due to the fact that it had fewer adverse effects than ergot alkaloids [56]. 
However, its limited oral bioavailability, short half-life, high pain recurrence rate, 
inability to pass through the blood-brain barrier, and cardiovascular side effects 
limit its use [57].

3  Ultimate Barrier of the Brain: Blood-Brain Barrier

The first studies proving the blood-brain/blood-cerebrospinal fluid barrier were car-
ried out by Paul Ehrlich at the end of the nineteenth century [58]: Between the dura 
mater and the arachnoid, numerous layers of smooth cells are bound by tight junc-
tions and ligament junctions and are covered by an incomplete basement mem-
brane. In regions of the cerebellum, the capillary endothelium is joined tightly. The 
morphological relationship of the blood-cerebrospinal fluid barrier is the cylindrical 
epithelium of the choroid plexus, which is connected by tight junctions [59]. The 
blood-brain barrier creates a boundary for the movement of substances between the 
peripheral circulation and the CNS. In this way, possible neurotoxic substances are 
restricted from entering the brain, but at the same time, the access of therapeutics to 
the central nervous system for therapeutic purposes is prevented as well. The blood- 
brain barrier allows low-rate pinocytosis and has tight junctions. It is located at the 
microvascular level and is important for the homeostasis of the central nervous sys-
tem. It also significantly limits the paracellular diffusion of solutes from the blood 
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to the brain [60]. This restriction occurs with three types of barriers: The blood- 
brain barrier is primarily composed of endothelial cells covering the cerebral 
microvessels and peripheral perivascular elements [61]. The cerebral blood capillar-
ies of the brain are composed of brain microvessel endothelial cells (BMVEC). The 
main difference between BMVEC and normal endothelial cells is the tight junc-
tions. Adjacent endothelial cells form complex tight junctions with significant tran-
sendothelial electrical resistance (TEER), creating a physical barrier that significantly 
limits paracellular permeability across the blood-brain barrier. This structure is in 
complete contrast to the peripheral circulation with decreased TEER and efficient 
paracellular permeability. Tight junctions prevent the free penetration of water- 
soluble substances into the cells and the entry of brain cells into the fluid periphery 
[62]. In addition to the physical barrier created by tight junctions, the blood-brain 
barrier also includes different metabolic barriers for drug transport. The endothelial 
cells of the blood-brain barrier enable minimal pinocytosis, thereby substantially 
eliminating nonselective transcellular permeability. In addition, each cellular com-
ponent of the blood-brain barrier produces a set of intracellular and extracellular 
enzymes that inactivate many compounds that will attempt to cross the blood-brain 
barrier [63]. Many enzymes covering the blood capillaries of the brain break down 
or inactivate unwanted peptides and other small molecules in the blood. The capil-
lary endothelium contains many efflux transporters [64]. Certain drugs can cross the 
endothelial barrier by free diffusion and enter the brain from the blood. If the drug 
is the substrate of one of the active efflux transporters (AET) produced in the brain 
microvessels, this uptake can be immediately followed by active efflux from the 
brain into the blood [65]. The main transport routes from the blood-brain barrier can 
be listed as follows [66]:

 1. Through small arterioles and capillaries, gases are among the molecules that dif-
fuse the fastest from the BBB.

 2. Simple transmembrane diffusion.
 3. Carrier-mediated transporter proteins.
 4. Receptor-mediated transcytosis.
 5. Paracellular transition mechanism.

Typically, just small, lipophilic particles can cross an ordinary, sound blood- 
cerebrum hindrance by transcellular detached dispersion; restricted transport of 
specific peptide and protein analogs has additionally been accounted for. 
Fundamental supplements, for example, glucose and iron can enter the CNS with 
explicit carriers, for example, glucose carrier 1 or receptors like the transferrin 
receptor [67].
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3.1  Prognostic Factors Affecting Transport Across 
the Blood-Brain Barrier

Molecule size: Although the amount of penetration of large hydrophilic substances 
into the cerebrospinal fluid is small, there is no definite limit. Molecules with a 
molecular weight of 500 Da (400–600 Da) can cross the blood-brain barrier in phar-
macologically significant amounts. Although there are many examples of small- 
molecular- weight drugs that can cross the blood-brain barrier, almost all 
large-molecular-weight drugs have limited permeability of the blood-brain barrier 
under normal conditions [14].

Liposolubility The entire CNS can be thought of as surrounded by lipid layers 
since the central nervous system elements are surrounded by at least one cell layer, 
that is, two lipid membranes per cell that are predominantly tightly connected. The 
lipophilicity of a compound increases its ability to penetrate these membranes. For 
diffusion from plasma to CSF, the ideal octanol/water partition coefficient at pH 7.4 
is between 1 and 10 and log P between 0 and 1. In addition, drugs with a polar sur-
face area (>80 Å) can cross the blood-brain barrier with pharmacologically signifi-
cant amounts [68].

Binding to plasma proteins: It significantly affects the entry of drugs into the ele-
ments of the central nervous system. Since binding proteins (especially albumin and 
globulins) are able to cross the blood-brain/blood-cerebrospinal fluid barrier to a 
small extent, it is believed that in the presence of an intact barrier, the portion of 
unbound plasma can pass [69].

Physiology of Drugs The intracranial space and the vertebral canal cannot be eval-
uated as a single physiological area. The CSF area is divided into extracellular and 
intracellular areas of the brain and spinal cord. Concentrations within different parts 
of the same region are often different from each other. Following the intravenous 
injection, most drugs are found in higher concentrations in the lumbar CSF than in 
the ventricular part. In general, injection of drugs into the lumbar cerebrospinal fluid 
does not produce an effective concentration in the cisternal and ventricular cerebro-
spinal fluid [70]. There is no diffusional barrier between the interstitial spaces of 
nervous tissue and cerebrospinal fluid. Indeed, even enormous molecules can enter 
the interstitial space of nervous tissue by diffusion from the cerebrospinal fluid 
space. About two-thirds of the cerebrospinal fluid is produced by the choroid plexus. 
One-third of the cerebrospinal fluid originates from the extracellular space of the 
brain and spinal cord, that is, there is a continuous flow between the extracellular 
space of the brain/spinal cord and the cerebrospinal fluid space, which prevents the 
formation of equal drug concentration by diffusion in the cerebrospinal fluid space 
and the extracellular fluid of the nervous tissue [71].
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3.2  Mechanisms Increasing Drug Concentration 
in the Central Nervous System

About 100% of the macromolecules and about 98% of the small molecules applied 
to the body cannot cross the blood-brain barrier and cannot reach the cerebrospinal 
fluid or brain extracellular space. Transcranial and intranasal administration and 
blood-brain barrier carriers are used, or the blood-brain barrier is disrupted in order 
to transport this type of drug to the brain [72]. Detailed examination of the methods 
presented in Table 1 is necessary if a method is to have a major impact on the dis-
covery of CNS drugs in the future. In addition, the use of P-gp inhibitors to increase 
entry into the blood-brain barrier is an accepted approach. As an idea, it has been 
accepted that P-gp-inhibiting compounds reverse P-gp-mediated multidrug resis-
tance or increase blood-brain barrier permeability of CNS drugs that would other-
wise fail treatment due to efflux. However, in such an approach, P-gp dysfunction 
can both increase the level of accumulation of toxins, as for PD, and weaken the 
ability of the brain efflux for proteins, as for AD, so it should be monitored through-
out treatment [73].

The most straightforward method for expanding drug concentration in CNS is to 
increase the systemic dose. Drug entry into brain tissue and cerebrospinal fluid can 
be achieved by temporary artificial disruption of diffusional barriers among the 
blood, cerebrospinal fluid, and brain tissue. An effective but invasive way to achieve 

Table 1 Pharmacological strategies for drug transport from blood-brain barrier to CNS

Strategy Rationale/opinion

Preparation of prodrugs It increases the transport of small hydrophilic molecules from the 
BBB and transporter-mediated prodrug transport by chemical 
modifications to lipophilic derivatives.

Preparation of lipophilic 
analogs

There is a relationship between drug lipid solubility and in vivo 
BBB permeability.

Chemical drug delivery 
systems

This strategy is a rational drug design approach to not only 
transporting drugs but also targeting them.

Carrier intermittent drug 
delivery

Transport systems such as glucose and natural amino acids
It provides an increase in capacity and BBB transition.

Receptor−/vector- 
mediated drug delivery

Connecting the active substance to a vector and ensuring its 
passage through a catalyzed carrier mechanism ensures its passage 
from the BBB with a Trojan horse-like deception.

Inhibit drug transport or 
inhibition of pulse 
transporters

In addition to the use of inhibitors, it is also an approach to develop 
drugs that are not substrates of these transporters.

Use of polymeric carriers 
such as nanoparticles and 
liposomes

The primary superiority of nanoparticle delivery technology masks 
the BBB-limited properties of the therapeutic drug molecule of 
nanoparticles and can slow drug release in the brain and increase 
peripheral toxicity.

Neuroimmune films (small 
molecule neurotrophic 
factors)

It can be administered orally and can pass BBB.
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high drug concentration in CNS is an intraventricular injection in addition to intra-
venous administration [21].

4  Nasal Passages

Although various studies are carried out to overcome BBB, it is statistically known 
that more than 98% of the dose amount cannot reach the brain after systemic admin-
istration of the active substances that are known today for the treatment of CNS 
diseases. It has become prominent to use intranasal (IN) transport as an alternative 
to interventional methods, bypassing the blood-brain barrier by taking advantage of 
the “trigeminal” and olfactory pathways that connect the olfactory and nasal pas-
sage to the nervous system, and rapidly target therapeutics such as peptides, pro-
teins, oligonucleotides, viral vectors, and even stem cells to the CNS to achieve 
results [74]. The innovation in using this noninvasive method is to minimize sys-
temic exposure by rapidly transporting drugs directly from the nasal mucosa to the 
brain and spinal cord for CNS disorders [75]. It is proven that peptides and proteins 
administered intranasally have beneficial effects in humans. The intranasal route 
has long been known for its many advantages such as the rapid onset of effects and 
being used for non-injection application methods. In addition to the difficulty of 
reproducibility, limited absorption from the nasal epithelium, which is the most 
important danger of the intranasal route, limits the application, especially for potent 
substances. It has been explained by various studies that this situation can be cor-
rected by using permeability enhancers [76].

4.1  Critical Factors for Drug Targeting to the Central Nervous 
System During Nasal Administration

Due to the different anatomical and physiological structures of the nasal cavity, drug 
accumulation and accumulation areas depend on the administration device. Drug 
accumulation is affected by the type of application, formulation particle size, veloc-
ities of applied particles, spray angle, and width. The applied system can be selected 
based on the therapeutic efficacy of the active substance used, the patient popula-
tion, and market needs. Pharmacokinetic properties and, therefore, bioavailability 
vary according to the dosage form [77]. The factors that affect intranasal drug 
administration are summarized in Fig. 1.
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Fig. 1 Factors that affect intranasal drug administration

5  Role of Nanoparticular Transporter Systems in Treatment 
of Central Nervous System Diseases

At physiological pH, non-ionized and low molecular weight lipophilic active sub-
stances can penetrate the CNS.  However, various transport strategies have been 
developed for the transport of small molecules with poor liposolubility and hydro-
gen bonding functional groups as well as water-soluble active substances such as 
peptides and proteins to the CNS [78]. One way to overcome BBB is to use NPs as 
active substance transporters. The average particle sizes of such NPs to be used 
should be 1–100 nm. The active substance is lined in the polymer or adsorbed on the 
surface [7, 78–80]. Additionally, the NP/active agent formulation is lined with a 
surfactant. Like liposomes, NPs are rapidly removed from the blood (more than 
90% in 5 minutes) following IV administration [78–84]. Although liposomes with 
40–80 nm particle size cannot cross the BBB, NPs with larger particle sizes can pass 
the BBB. This pharmacological effect of NPs is related to their formulation. Because 
at this point, the penetration of an active substance in the nanoparticle transporter 
system through the BBB is no longer determined by the physicochemical properties 
of the active substance but by the physicochemical and biomimetic properties of the 
NPs [13, 14]. This eliminates the need for any modification to the active substance. 
NPs are more commonly preferred due to their properties such as providing high 
chemical and biological resistance, transporting both hydrophilic and lipophilic 
active substances, and enabling the administration to the body in different ways. In 
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addition, targeting can be done with surface modification. The mechanism of NPs to 
penetrate the BBB has not been fully elucidated. However, it is thought that NPs 
leave the systemic circulation after administration and cross the BBB through 
adsorption-mediated transport and receptor-mediated transport [85]. For NPs to be 
transported by endogenous transporters, they must be surface coated or modified 
with antigens, antibodies, and receptor ligands and/or have appropriate physico-
chemical properties. The first methods developed to overcome BBB are aimed at 
designing NPs with optimum physicochemical properties. In addition, it has been 
proven that positively charged NPs can pass through the BBB due to their ability to 
adsorb to tissues. NPs do not have an optimum shape requirement to pass the 
BBB [86].

Other methods developed to enable penetration through BBB are based on coat-
ing the surface of NP with surfactants or polymers such as PEG. Studies have shown 
that NPs coated with polysorbate 80 or PEG can reach neuronal tissues bypassing 
the BBB [87]. The most popular strategy in recent years is reaching the CNS with 
NPs, which can make their way to the brain through known pathways and interact 
molecularly with the BBB, without disturbing the normal function of the barrier. 
Examples of nanoparticle drug delivery systems to the brain according to the appli-
cation methods are shown in Fig. 2.

6  In Vitro Models Used in Drug Penetration to the Brain

There are different approaches to analyzing whether active substances can pass 
through the brain barrier. All methods differ from each other in terms of the quality 
of data obtained, as well as cost and difficulty. Various models are used for drug 
penetration to the brain [88].

6.1  Artificial Membranes

Lipophilicity (Log P or P octanol/water) is thought to be the most important param-
eter in the central nervous system activity and drug penetration to the brain. Due to 
its lipophilic properties, n-octanol is the most widely used method in pharmacoki-
netics. The small polar head and hydrophobic carbon chain of n-octanol make it 
similar to phospholipid membranes. However, the Log P value alone is not suffi-
cient on its own to explain drug penetration to the central nervous system [89]. In 
addition, artificial membranes are used as an alternative to the Log P method. 
Modified high-performance liquid chromatography columns prepared with phos-
pholipids covalently bonded to silica are used for this purpose. In the studies, a 
linear relationship was found between the delay duration and the distribution 
between the water phase and liposomes. However, the behavior and stability of 
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“gel wafer” drug

Fig. 2 Nanoparticular drug delivery systems to the brain according to the application methods

lipophilic substances in the selected mobile phase create limitations for this 
method [90].

6.2  PAMPA Model

Parallel artificial membrane permeability assay (PAMPA) is a method developed by 
Kanay in 1998 for high-accuracy prediction of the gastrointestinal penetration of 
drugs. In this method, the donor and acceptor compartments are separated by a liq-
uid artificial membrane. The drug to be tested is placed in the donor compartment. 
Then, the amounts of this substance in the acceptor and donor phases are examined. 
Because of its high accuracy, 96-well cell culture plates are generally used. Organic 
solvents and solvent mixtures prepared with phospholipids can also be used as arti-
ficial membranes [91]. With the PAMPA method, it is possible to quickly predict the 
penetration capacity of many drugs. However, the PAMPA model only provides 
information about drug penetration by passive diffusion. It is known that many 
transport pathways and enzymes are effective in drug penetration to the brain. 
PAMPA only provides information about passive transcellular permeability. For 
example, the penetration of P-gp substrates through the PAMPA model is higher 
than in the in vivo and in vitro cell models [92].
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6.3  Cell Culture

Cell models are widely used to predict the rate of drug penetration to the brain dur-
ing drug development. There are various cell types obtained from different sources 
with different transporter and tight junction structures. These factors influence the 
reproducibility of permeability studies and the prediction of in vivo penetration to 
the brain. Therefore, all cell models are different from each other and uniquely 
model drug penetration to the brain [93]. However, no cell study can fully simulate 
in vivo penetration to the brain. The biggest advantage of the cell model is the pro-
cessing speed, as many products can be analyzed simultaneously. In addition, cell 
models are used to elucidate the transport mechanism dependent on the effective 
transporters for substance permeability. Furthermore, cell culture studies can also 
give an idea about metabolism and cellular toxicity. However, reproducibility in cell 
culture studies is limited, and it is difficult to work in a standard protocol [94].

6.4  Primary Cultures

Studies on the biology of cells for in vitro modeling of the blood-brain barrier were 
initiated with cattle and pigs due to their large brain areas. Rat, mouse, and human 
cell culture systems have also been developed over time. None of these cells are the 
same. They also present intraindividual and interindividual differences. Therefore, 
it is very difficult to make repeated measurements. Although human brain cells are 
the gold standard in blood-brain barrier studies, their use is limited for ethical rea-
sons. Primary cell cultures provide interesting results for the penetration of drugs 
into the brain. However, this model result is not guaranteed, as not all cells in the 
brain are the same. In addition, it has been shown that the blood-brain barrier prop-
erties such as tight junction and transporter properties of brain endothelial cells 
rapidly lose their effect after culturing [95].

6.5  Immortal Cells

Cattle, human, mouse, and rat endothelial cells have been developed and tested to 
generate immortalized cells. The cell type with the best blood-brain barrier features 
is human brain endothelial cells. However, sucrose permeability was not observed 
in the study, and it was determined that inulin performed low paracellular permea-
bility. In hCEMC/D3 cells developed by Weksler, sucrose permeability and the 
presence of many pathways were also detected [96].
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6.6  Co-cultures

After the development of cell culture models and the determination of brain endo-
thelial cells, it was discovered that these cells alone could not model drug penetra-
tion to the brain. For this reason, co-cultures have been developed. In the human 
brain, there is no permanent connection between brain endothelial cells and cells 
such as astrocytes, pericytes, and neurons. Studies have shown that the co-culture of 
astrocytes and brain endothelial cells has a negative effect on the blood-brain barrier 
properties [97]. The model with the best barrier properties is the BBCEC model 
developed by Dehouck. When the blood-brain barrier data were correlated, it was 
observed that the penetration to the brain could be modeled based on molecular 
weight. Considering all cell cultures, the co-culture models provide the closest 
results to in vivo values [98].

6.7  Cells Not Originating from the Central Nervous System

Mostly MDCK (Madin-Darby canine kidney) and CaCo-2 (Caucasian colon adeno-
carcinoma) cell lines are used. MDCK cells are used for easy production and eluci-
dation of MDR1 gene properties, which are similar to P-gp properties. However, it 
presents a low correlation with the blood-brain barrier. CaCo-2 cells originate from 
human colon carcinoma and are epithelial cells used in intestinal permeability mod-
eling. These cells are also used to model blood-brain barrier permeability [99]. 
However, CaCo-2 cells are used as an effective method, especially for studies on 
P-gp suppression.

7  Studies with Different Perspectives on Models Simulating 
the Blood-Brain Barrier

In vitro studies on BBB show that low permeability and high TEER results in BBB 
can be achieved not only by TJs and AJs between cells but also by the structure of 
the membrane used. It is claimed that the permeability of the BBB models produced 
is quite realistic since the commonly selected hydrophobic membrane structure lim-
its the permeability of hydrophilic molecules [100].

An Up-to-Date Look at In Vitro Models of Nose-to-Brain Drug Delivery



130

7.1  In Silico Models

In addition to in vitro models, high-speed and low-cost computer-based in silico 
models have been started to be used in pharmaceutical and biotechnological studies. 
It is stated that these models are suitable models that can be used in future studies to 
determine drug effect and bioavailability; however, in order to obtain reliable 
results, it is necessary to collect more data about the BBB transport system and its 
regulation. Because these models could provide successful results only if the param-
eters uploaded on the computer represent reality [101].

7.2  Static Models

These are usually performed on inserts; the upper surface simulates the luminal, and 
the lower surface simulates the abluminal part. Different static models such as 
mono-culture, co-culture, and triple culture systems are created to simulate 
BBB. There are some important reasons why static models are frequently used 
today [102]. For example, they are low-cost, require low technical infrastructure, 
can reach stable TEER values in a short time (3–4 days), and allow imaging of cells. 
However, despite these and similar other advantages, it has been determined that 
static models cannot simulate in vivo conditions realistically because they cannot 
create shear stress that stimulates blood flow, and TEER values obtained from this 
model type are quite low compared to dynamic models.

In 2D static BBB models, polytetrafluoroethylene (PTFE), polyester, polycar-
bonate, polyethylene terephthalate (PET), polypropylene, and cellulose esters or 
collagen type 1-coated PTFE/PET polymers are used as tissue scaffolds. These 
polymeric membrane surfaces allow nutrient exchange and the penetration of exog-
enous compounds secreted from cells, but do not allow cell permeability between 
the two compartments. In addition, the membranes are used to allow cells to absorb 
and reproduce. Membrane selection constitutes a very important part of the studies 
because the substrates used in BBB models should act as an extracellular matrix for 
cells but should not eliminate intercellular interaction. With this interaction, the 
impact of TJ and AJ proteins in endothelial cells increases, and the permeability of 
the model decreases, and an increase in TEER can be observed [103].

With inserts, static 3D BBB models can also be created. In one of these models, 
after the BMEHs were implanted into the matrigel to form a vascular structure, 
pericytes and astrocytes were added to the medium to ensure that the vascular struc-
tures were surrounded by these cells. In these models, better structures can be cre-
ated compared to inserts due to the fact that the cells are 3D structured to eliminate 
the lack of in  vivo organization of 2D models, the cell-ECM interaction can be 
examined, and the cell-to-cell interaction is high [102, 103]. However, the system 
has also disadvantages such as being quite expensive, requiring expertise to set up, 
limited control, and inability to apply shear stress. Spheroid models, which are 
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another 3D static BBB model, allow cells to self-arrange without scaffolding to 
form spherical structures. The outmost layer of the spherical models contains 
BMEHs, the lower layer is lined with pericytes, and astrocytes are found in the 
middle of the sphere. Although these models have the advantages of 3D structures, 
they are models that do not have an ECM-cell correlation and cannot be mechani-
cally stimulated because the ECM is not simulated [104].

7.3  Dynamic Models

An increase in TEER values was observed by modeling the shear stress caused by 
blood flow in dynamic in  vitro BBB models, and it was observed that with the 
increase in the impact of TJ proteins, the decrease in permeability could better simu-
late in vivo conditions. It can be said that dynamic 3D models in which shear stress 
is applied in BBB models created under in vitro conditions are more realistic than 
static models. Especially in drug development and targeting studies, their use is 
more effective. For the cone-plate assembly, which is one of the simplest examples 
of dynamic in vitro models, a conical apparatus is rotated in the nutrient medium in 
the cell culture reservoir, creating certain shear stress in the liquid and thus model-
ing the blood flow. In the dynamic hollow-fiber model, endothelial cells are 
implanted in the inner part (luminal surface) of the microporous hollow fibers and 
astrocyte and/or pericyte cells in the outer part (abluminal surface). Afterward, the 
nutrient medium is passed through the fibers continuously, and shear stress between 
3 and 20 dyn/cm2 values caused by in vivo blood flow is modeled [105].

7.4  Microfluidic Systems

These are one type of model on which a lot of research has been done recently. In 
microfluidic systems, a porous membrane (<10 μm) is placed in the microchannel, 
and endothelial cells are implanted on the luminal surface and astrocyte and/or peri-
cyte cells on the abluminal surface. This model is advantageous because it uses a 
small amount of nutrient medium, reaches stability in a short time, and allows shear 
stress to be applied to the cells, but despite these and similar advantages, it also has 
some disadvantages. It cannot exactly simulate the 3D vessel model, cannot apply 
the circular stretching force caused by blood flow to cells, cannot imagine the lumi-
nal part, is expensive, and its cell harvesting is problematic [106].
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7.5  3D-Printed Microfluidic Technology

This technology provides various advantages compared to traditional production 
techniques with its features such as the ability to create channels of unmatched 
shape and complexity, uniform and repeatable production, minimum operating cost 
and time, product complexity, and reduction of user error. Briefly, in this technique, 
the 3D designs are created digitally in a 3D medium with CAD software, and then 
the 3D designs are converted to the stereolithography (SLA) file format (STL) that 
defines the exterior of a 3D model [80].

7.6  Recent Models

In the model created with bacterial cellulose, which had high hydrophilicity, used in 
a study, since the barrier was not artificially based on hydrophilic/hydrophobic 
interaction, it was realized by co-cultivation of cells under optimum conditions and 
intercellular interactions, and it was observed that the model produced was very 
realistic [107]. Another study conducted in Germany presents a bioreactor system 
that provides automated, continuous, and noninvasive online monitoring of cellular 
barrier integrity during dynamic culture. For this, the bioreactors were fabricated 
using polydimethylsiloxane (PDMS) casting and 3D printing, and pluggable elec-
trodes based on titanium nitride (TiN)-coated steel pipes were developed to perform 
EIS measurements. In order to test the monitored bioreactor system, in vitro models 
of the blood-brain barrier (BBB) derived from human-induced pluripotent stem 
cells (hiPSC) were cultured for up to 7 days. An equivalent electrical circuit was 
applied to measure the electrical parameters of the cell layer, and it was observed 
that TEER value gradually decreased from 2513 Ω·cm2 to 285 Ω·cm2 over time, as 
indicated in the static control culture. This system offers usage options for a variety 
of dynamic tissue cultures that require a noninvasive monitoring system for barrier 
integrity [108].

For the last 10–15 years, there have been biotechnological advances that allowed 
the development of more complex and realistic in vitro BBB models, with a better 
understanding of the processes that regulate barrier formation and barrier functions. 
Among these promising new technologies, modulation of stem cell differentiation 
for the purpose of deriving NVU cell types is an important breakthrough in this 
context.

Although there is still much to explore for this technology, stem cells could 
indeed provide a breakthrough in BBB modeling, allowing the in situ development 
of desired cell cultures on the platform itself.

In terms of platform development, microfluidic systems are developing rapidly, 
and researchers are more aware of this new technology. The availability of microflu-
idic platforms is still limited to the labs/research groups developing the system, but 
the potential for wide adoption among scientists and even industry is increasing. 
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Further support for the technology could be achieved with the wide use of 3D bio-
printing technologies.

8  Conclusion

BBB, which prevents the entry of harmful substances into the bloodstream to the 
brain, also limits the penetration of drugs planned to be used in treatment to the 
target area of administration. Efforts to find a solution to this problem are insuffi-
cient in the academic and industrial realms. Developing new drugs against CNS 
diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 
amyotrophic lateral sclerosis, multiple sclerosis, stroke, brain trauma, spinal cord 
injury, brain cancer, and AIDS, as well as viral infections in the brain, congenital 
ataxias, and congenital metabolic diseases, and solving the problems caused by 
CBE will only be possible with more systematic studies on drug development and 
targeting these drugs to the brain, which is the target of drugs. Within the progres-
sion level in the field of drug targeting to the brain, in order to accelerate the devel-
opments and develop new neuropharmaceuticals that can be used clinically, there is 
a need to fully elucidate the functioning of the endogenous transporter systems in 
the brain and to reformulate nanoparticle drug transport models based on these sys-
tems, supported by molecular biology and genetic approaches.

However, the main objective for the pharmaceutical development of a drug form 
is to better understand the in vitro and in vivo performance of the drug form. In 
order to reduce in vivo studies on living organisms during formulation development 
for the purpose of developing new pharmaceutical drugs, in vitro models with better 
correlations are needed. There is a great need for models that can simulate the 
blood-brain barrier for the more efficient use of limited sources due to ethical limi-
tations. However, current in vitro blood-brain barrier (BBB) models, which are fre-
quently used in drug targeting to the central nervous system and drug development 
studies, cannot yet fully simulate the permeability properties of this special barrier 
in the brain.
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Theranostic Nanoparticles for Therapy 
and Imaging in Cancer Detection

Donald A. Fernandes 

1  Introduction

Nanoparticles (NPs) have shown to be promising systems for different biomedical 
applications, with increased interest in bioimaging, drug delivery, and photothermal 
and photodynamic therapy. Recent developments in nanotechnology have focused 
on nanoparticles for both imaging and therapy, referred to as theranostic agents. 
These types of nanoparticles are advantageous due to their ability to monitor tumor 
size with their drug loading and/or thermal properties used with varying treatment 
parameters (i.e., treatment time, radiation power). Such nanoparticles also have the 
capability to release therapeutic agents only when located at the tumor site under 
specific stimuli (e.g., electromagnetic waves, pH, temperature), leading to signifi-
cant cancer cell death. The multimodal imaging and synergistic effect provided by 
nanoparticles are of particular interest over common chemotherapeutic agents, as it 
provides the ability to specifically distinguish treated tumors while at the same time 
being able to combine multiple types of treatments (e.g., photothermal/photody-
namic therapy, stimuli sensitive drug release) for eliminating or significantly reduc-
ing tumor growth. Over the last few decades, there has been tremendous growth in 
the development of a variety of nanoparticles, where their physical and chemical 
properties enable for imaging using various modalities (e.g., magnetic resonance, 
X-ray computed tomography, positron emission tomography, ultrasound, photo-
acoustic, fluorescence imaging). This chapter provides a review of nanoparticles that 
have been used for cancer theranostics by going through the different types of par-
ticles developed and the different therapeutic and imaging platforms that can be used.
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2  Metal-Based Nanomaterials

2.1  Gold Nanoparticles

Metallic nanoparticles such as plasmonic and magnetic nanoparticles are used for 
theranostics [1] because of their ability to conjugate a variety of therapeutic agents. 
Their high stability and absorption properties in the electromagnetic spectrum 
enable them to be used for effective chemotherapy, phototherapy, and imaging. 
Gold nanoparticles can be synthesized to carry a variety of chemotherapeutic, 
genetic material and cell membrane targeting agents (i.e., molecules, ligands, pro-
teins) for the treatment of different types of cancer. Gold nanospheres can be surface 
functionalized with therapeutic and imaging agents where biotin specifically 
attaches to receptors overexpressed in cancer cells for enhancing internalization 
(i.e., through endocytosis). Rhodamine B in particles through fluorescence can be 
used for determining the localization of chemotherapeutic agent paclitaxel in lung 
and bone cancer cells [2]. Other spherical gold nanoparticles used for theranostics 
involve the loading of ligands and fluorescent photosensitizers which produce reac-
tive oxygen species (ROS) upon laser excitation for photodynamic therapy [3], 
aptamers and chemotherapeutic agents (i.e., doxorubicin, DOX) for treatment and 
imaging of prostate cancer through X-ray computed tomography [4], and cell bind-
ing proteins which upon laser excitation enhances pro-apoptotic pathways and ther-
mal energy for cancer cell death while being able to provide acoustic signals for 
photoacoustic imaging [5].

Recently, in the last few years, there has been a focus on tuning the absorption 
properties more towards the infrared region by synthesizing different shapes and 
sizes of gold nanoparticles such as nanostars [6], nanorods [7], nanoshells [8], and 
nanoclusters [9]. Gold nanoparticles also allow for flexibility in conjugation of dif-
ferent functional groups on their surface enabling a variety of therapeutic agents to 
be loaded. For example, gold nanostars (RGD-Au DSNS/siRNA polyplexes) have 
been synthesized and stabilized with dendrimers for conjugation with peptide mol-
ecules such as arginine-glycine-aspartate (RGD) and loading of small interfering 
RNA (siRNA) for gene therapy and silencing of vascular endothelial growth factor 
protein present in cancer cells. The particles can also be radiated with near-infrared 
light for photothermal ablation of cancer cells, with the use of thermal emission and 
X-ray attenuation from gold for thermal and computed tomography imaging, 
respectively [10]. Zeta (surface) potential values are in the range of 23.2–27.5 mV 
and decrease under each N/P ratio (i.e., the molar ratio of primary amines of the 
dendrimers to phosphates in the siRNA backbone) compared to vector alone. The 
percentage of U87MG cells displaying Cy3-derived red fluorescence signal when 
RGD-Au DSNS/Cy3-labeled siRNA polyplexes are transfected (i.e., at the N/P 
ratio of 20:1) was around 87.6%, while only a small portion of cells treated with free 
Cy3-labeled siRNA displayed the red fluorescence signal (i.e., 3.1%). This is due to 
better RGD-mediated targeting to cells expressing αvβ3 integrin from RGD-Au 
DSNS/siRNA polyplexes. Cell viability in glioma U87MG cells was ~20% after 

D. A. Fernandes



143

incubation with the RGD-Au DSNS/siRNA polyplexes and 5  min near-infrared 
(NIR) laser irradiation, compared to 46.9% with only RGD-Au DSNS/siRNA poly-
plexes, ~90% with nanoparticles without siRNA (i.e., RGD-Au DSNSs), and ~ 70% 
with siRNA treatment only. Treatment with RGD-Au DSNS/siRNA polyplexes can 
lead to a significant downregulation of vascular endothelial growth factor (VEGF) 
protein levels for gene therapy. The computed tomography (CT) values (23.3 
Hounsfield units (HU) before injection of particles) in tumor regions increase to 
665.7 HU at 10 min post-injection showing high accumulation at the tumor region. 
Under the same NIR irradiation conditions, the RGD-Au DSNS/siRNA polyplexes 
were better in inhibiting tumor growth, compared to the RGD-Au DSNSs (without 
siRNA) group of U87MG tumor-bearing mice, especially at 3, 6, and 9 days post-
treatment, and significantly better than the RGD-Au DSNS/siRNA and no NIR irra-
diation group.

Gold nanoshells can be created by first loading chemotherapeutic agents such as 
doxorubicin in emulsions before adding gold to the surface through the reduction 
method. Different magnetic molecules such as manganese-porphyrin (Mn-porphyrin, 
MnP) can be covalently bound to the surface of nanoparticles through a biocompat-
ible polyethylene glycol (PEG) spacer for magnetic resonance imaging through T1 
relaxation of nuclei. The resulting synergistic effect from the nanoparticles (i.e., 
DOX@PLA@Au-PEG-MnP) by combining drug loading and photothermal abla-
tion from the generation of heat from gold absorption can significantly reduce tumor 
growth and volume [11]. Combining the DOX@PLA@Au-PEG-MnP nanoparti-
cles (NPs) with NIR laser irradiation enhances the treatment potency compared to 
DOX@PLA@Au-PEG-MnP particles only, with IC50 values of 14.1  μM and 
30.8  μM, respectively, after 48  h of incubation in HT-29 colon cancer cells. 
Compared to DOX only or PLA@Au-PEG-MnP NPs with NIR laser irradiation, 
tumor volumes were smaller after treatment with DOX@PLA@Au-PEG-MnP par-
ticles and NIR laser irradiation (808 nm, 1.5 W cm−2, 10 min), showing the effec-
tiveness of combinational treatment.

The synergistic effect can also be seen using gold nanoclusters (AuNCs@
SiO2–Ce6) with laser excitation, where a silica coating and covalent bind-
ing to a photosensitizer such as chlorin e6 (Ce6) can be achieved through 
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride/N-hydroxysuc-
cinimide (EDC/NHS) reaction leading to both photothermal and photodynamic 
therapy through the generation of heat and reactive singlet oxygen, respectively 
[12]. Due to the absorption properties of photosensitizers, these nanoparticles can 
lead to theranostic capabilities through fluorescence imaging. In vivo experiments 
show that the nanoparticles can accumulate at the tumor for at least 24 h (Fig. 1a) 
and with greater accumulation compared to in organs (Fig. 1b, c), showing impor-
tance of such nanoparticles for cancer treatment. Treatment of tumors from breast 
cancer cell line using both nanoparticles and laser excitation (10 min of irradia-
tion, 671 nm, 100 mW cm−2) led to significant decrease in tumor volume compared 
to initial tumor size (i.e., <50% relative tumor volume at day 14) (Fig. 1d) after 
2 weeks showing the ability to reduce the rate of tumor growth.
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Fig. 1 In vivo photothermal and photodynamic treatment from AuNCs@SiO2–Ce6. (a) Real-
time in vivo NIR fluorescence images after intravenous injection of AuNCs@SiO2–Ce6 in nude 
mice at different time points, Red circles indicate the location of tumors; (b) Ex vivo images of 
mouse tissues (from top to bottom: heart, liver, spleen, lung, kidneys, tumor 1, tumor 2); (c) The 
fluorescence intensity of organs harvested at 24 h time point from post-injection mice; (d) Tumor 
growth curves of different groups of tumor-bearing mice after treatment. Tumor volumes were 
normalized to their initial sizes. Error bars represent the standard deviations of 5 mice per group. 
*, P < 0.05. Reprinted from Biomaterials, 34(19), Huang P, Lin J, Wang S, Zhou Z, Li Z, Wang Z, 
et al., Photosensitizer-conjugated silica-coated gold nanoclusters for fluorescence imaging-guided 
photodynamic therapy, 4643–54, Copyright (2013), with permission from Elsevier

Different types of nanoparticles can also be combined together for using more 
than one imaging platform (i.e., multimodal imaging). For example, gold nanorods 
can be stabilized by a polymer and conjugated to magnetic iron nanoparticles on the 
surface of each gold nanorod for both magnetic resonance and photoacoustic imag-
ing, with the photothermal effect from both nanoparticles for tumor therapy [13]. 
One of the most important advantages of multimodal imaging is that the tumors can 
more precisely be located using contrast from nanoparticles, while at the same time 
being able to monitor tumors during treatment.
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2.2  Quantum Dots

Quantum dots are attractive semiconductors for theranostics [14] because of their 
high quantum yield, size-tunable light emission, and good chemical and photosta-
bility. They usually have to be surrounded by a stabilizer such as polymers and silica 
to reduce their reactivity and improve their biocompatibility. They are mostly com-
posed of elements in groups 12–16 in the periodic Table. A unique property of 
quantum dots is their broad absorption bands and narrow emission bands and large 
Stokes shift, enabling multiple nanoparticles to be detected simultaneously (multi-
plex imaging) that target different regions of biological systems. For example, five 
different cadmium−selenium or cadmium−tellurium carboxyl quantum dots (Qdots) 
can be constructed for simultaneous imaging of five different lymphatic basins for 
predicting the route of cancer metastasis into the lymph nodes [15].

Quantum dots can also be used for dual imaging where tungsten sulfide quantum 
dots can be used for photoacoustic and computed tomography (CT) with synergistic 
photothermal therapy and radiotherapy from near-infrared and X-ray excitation, 
respectively [16]. The nanoparticles can be coated with a lipoic acid conjugated 
poly(ethylene glycol) (LA-PEG) to improve the biocompatibility of these quantum 
dots. Fluorescence images of DNA fragmentation and nuclear condensation by 
staining with Hoechst and γ-H2AX induced by nanoparticles, and/or 808 nm laser 
lamp (1 W cm−2, 10 min), and/or X-ray radiation (6 Gy) showed significant damage 
in 4  T1 breast cancer cells. The surviving fraction (% control) from clonogenic 
assay was <0.05% treated with particles, 808 nm laser lamp radiation (1 W cm−2, 
10 min), and X-ray radiation (8 Gy) after 24 h of incubation of cells with particles. 
Since biocompatibility and rapid clearance due to the immune system are major 
concerns for theranostics using quantum dots, there are also bioinspired nanoparti-
cles, such as those developed with bovine serum albumin (BSA), to prevent rapid 
internalization by macrophages and provide greater clinical applicability of such 
nanoparticles [17].

Molybdenum disulfide (MoS2) quantum dots with disulfide-doped silica nanopar-
ticles and photosensitizers (i.e., chlorin e6, Ce6) can be designed for tumor targeting 
(i.e., hyaluronic acid (HA) from particles for attaching to specific cancer cell recep-
tors) and photodynamic therapy and for bioimaging using computed tomography 
(CT), multispectral optoacoustic tomography (MSOT) and fluorescence (FL) [18]. 
These nanoparticles allow for trimodal imaging and combination photothermal 
(PTT) and photodynamic therapy (PDT). Compared to free Ce6, particles with 
loaded Ce6 and HA (i.e., MoS2@ss-SiO2-Ce6/HA) had greater accumulation in 
tumor sites, with free Ce6 primarily accumulating in the liver. Fluorescence signals 
from particles were present even after 24 h post-injection, showing good circulation 
time in blood in 4 T1 tumor-bearing mice.

Copper/carbon quantum dot (or CD)-cross-linked nanosheets (CuCD NSs) can 
be synthesized (i.e., using hydrothermal treatment) to have high photothermal con-
version efficiency and good photothermal stability for multimodal (i.e., photoacous-
tic, fluorescence) image-guided cancer therapy [19]. The CuCD NSs are internalized 
by MCF-7 breast cancer cells and captured by lysosomes, before NIR laser 
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irradiation can release the particles into the cytosol and even the nucleus for increas-
ing the photothermal therapeutic efficiency. Using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay, MCF-7 cell viability was <20% 
using CuCD NSs (i.e., at 10–30 μg mL−1 Cu) and 808 nm laser irradiation (2 W 
cm−2) for 10 min, compared to ~70–90% viability with CuCD NSs only and without 
NIR irradiation. This shows the theranostic capabilities of these particles for breast 
cancer, with low cytotoxic effects and high biocompatibility from particles alone.

A poly(ethylene glycol) (PEG)-poly-ε-caprolactone (PCL)-polyethylene imine 
(PEI) triblock copolymer delivery system with entrapped hydrophobic quantum 
dots can be developed that is capable of delivering nucleic acids and hydrophobic 
substances (e.g., drugs or dyes) simultaneously. By labeling siRNA with fluorescent 
AF647 (AF647-siRNA), the nanoparticles can be used as fluorescence resonance 
energy transfer (FRET)-capable carriers, with confocal microscopy further 
employed for FRET imaging [20]. FRET can be used for detecting the unpacking of 
nucleic acid from particles (from FRET efficiency) and for determining effective-
ness of carriers, as they have to be designed to release most amount of loaded thera-
peutic agents once with tumor cells and not during transport.

2.3  Magnetic Nanoparticles

Magnetic nanoparticles have been extensively studied for their theranostic capabili-
ties [21, 22]. Such nanoparticles can exhibit superparamagnetic characteristics 
enabling significant signal enhancement when located at the tumor region for mag-
netic resonance imaging (MRI). Different core metals (i.e., cobalt (Co), nickel (Ni), 
manganese (Mn), iron (Fe)) and their alloys and oxides can be used with coatings of 
polymers and co-polymers (i.e., polyethylene glycol (PEG), polyethylenimine 
(PEI), polyvinyl alcohol (PVA), chitosan, dextran, phospholipids), covering 
nanoparticles through covalent binding and non-covalent (adsorption) interactions 
for therapeutic loading [23]. Such stabilizers also improve stability, reducing 
agglomeration, reactivity, and oxidation of particles. Chemotherapeutic agents can 
be bound to pH-sensitive and biodegradable polymers (i.e., poly(beta-amino ester) 
(PBAE)) to coat iron oxide nanoparticles, for efficient drug targeting and fast release 
when in endosomes of cells [24]. Doxorubicin-loaded, iron-containing particles 
(NP-DOX) showed significant amounts of internalization of iron (Fe) (i.e., 
2.24 ± 0.09 pg/cell) after 4 h of incubation with multidrug-resistant glioma cells 
(i.e., C6-ADR cells) (Fig. 2a) showing that DOX was delivered by cellular internal-
ization, rather than passive diffusion of DOX released by particles from extracellu-
lar space. By UV analysis, at 24 h after treatment with NP-DOX, the intracellular 
concentration of DOX was four-fold higher (i.e., 0.52 ± 0.06 pg/cell) than in cells 
treated with only DOX (i.e., 0.13 ± 0.01 pg/cell) (Fig. 2b). Such controlled drug 
release shows the greater effectiveness of NP-DOX in treating drug-resistant cancer 
cell lines compared to drug alone (Fig. 2c), the latter of which requires higher drug 
concentrations for treatment due to the presence of multidrug efflux pumps.
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Fig. 2 Cellular internalization studies for free DOX and NP-DOX. (a) Intracellular iron quan-
tification of C6-ADR cells at 4 h and 24 h after initial exposure to NP-DOX. (b) Intracellular DOX 
quantification of C6-ADR cells at 4 h and 24 h after initial exposure to NP-DOX or free 
DOX. N.S. indicates no significance, ** indicates P < 0.01, as determined by Student’s t-test. (c) 
Fluorescence imaging of C6-ADR cells 24 h after the initial incubation with free DOX or NP-DOX, 
where cell nuclei were shown in blue, the DOX fluorescence in red, and cell membranes in green 
(WGA-AF488). Reprinted from Journal of Controlled Release, 162(1), Fang C, Kievit FM, Veiseh 
O, Stephen ZR, Wang T, Lee D, et al., Fabrication of magnetic nanoparticles with controllable drug 
loading and release through a simple assembly approach, 233–41, Copyright (2012), with permis-
sion from Elsevier

The chemical characteristics of nanoparticles can also be changed for internaliza-
tion in cancer cells. For example, iron oxide nanoparticles can be coated with two 
polymers, polyacrylic acid (PAA) and polyethylenimine (PEI), through disulfide 
linkage to increase the positive charge (zeta potential) of particles. Different nega-
tively charged genetic material (i.e., DNA/siRNA) can then be added to the posi-
tively charged particle surface through charge interactions, which are released only 
by the intracellular reducing environment for cancer gene therapy [25]. The super-
paramagnetic iron oxide (SSPEI60-SPIO) nanoparticles can be used for giving nega-
tive contrast in MRI with decrease in T2 relaxation time with increase in concentration 
of iron and be used for in  vivo tumor therapy and treatment monitoring. From 
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staining of tissue, the nanoparticles can localize in cancer cells of tumors with some 
particles also found in organs. Similar to gold nanoparticles, magnetic nanoparticles 
can also be used for their multiple imaging modality capabilities. For example, 
molybdenum disulfide/iron oxide (MoS2/Fe3O4) nanoflakes/nanoparticles can be 
combined and synthesized through hydrothermal route to enhance both the near-
infrared (NIR) absorption and photothermal efficiency for use in magnetic reso-
nance and photoacoustic tomography (PAT)  imaging [26]. The MoS2 nanoflakes can 
be attached to polyethylene glycol (PEG) which can increase the overall biocompat-
ibility of the integrated theranostic agent. Significant cancer cell death can be 
achieved (i.e., as low as ~5% and ~ 30% viability in HeLa cervical and HepG2 liver 
cancer cells, respectively) by excitation of nanoparticles using electromagnetic 
waves, at non-cytotoxic nanoparticle concentrations.

2.4  Upconversion Nanoparticles

Upconversion nanoparticles (UCNPs) are promising theranostic agents [27, 28] 
because they convert absorbed near-infrared (NIR) light into multi-wavelength, nar-
row emission bands throughout the ultraviolet-visible-near-infrared (UV-Vis-NIR) 
spectrum. The NIR excitation to NIR emission conversion from UCNPs is particu-
larly advantageous for in vivo imaging because of deep penetration and reduced 
absorption and scattering in tissues and organs in the NIR region. Combined with 
their high photostability and low cytotoxicity, they are effective imaging and thera-
peutic agents. Nanoparticles of different sizes and with different organic/inorganic 
shells can be constructed to maximize theranostic capabilities. Benzene-bridged, 
organosilica-shelled β-NaLuF4:Gd/Yb/Er nanoprobes with a rattle structure can be 
synthesized for higher luminescence energy transfer efficiency and larger produc-
tion of singlet oxygen for photodynamic therapy (PDT) [29]. For photodynamic 
cancer therapy, different photosensitizers which absorb at different wavelengths in 
the visible-near-infrared region, whether hydrophilic/hydrophobic (i.e., 
β-carboxyphthalocyanine zinc (ZnPc-COOH), rose Bengal), can be loaded in 
nanoparticles (UCNP@ROS-ZnPc-COOH). As well, due to the nature of the core of 
the nanoparticles (i.e., β-NaLuF4), the UCNPs could be used for X-ray computed 
tomography imaging. In lung cancer cells, excitation of photosensitizer-loaded 
nanoparticles led to almost complete cell death, at concentrations that are not toxic 
(without laser excitation). In vitro results for PDT showed that after 4 h of incuba-
tion of particles with human H1299 lung cancer cells treated with 980 nm irradia-
tion (0.5 W cm−2, 10 min), viability was about 50% with 0.025 mg mL−1 of UCNP@
ROS-ZnPc-COOH and less than 12% at concentrations higher than 0.05 mg mL−1. 
The cell viability with NPs only was higher than 75% showing the high biocompat-
ibility of particles at the same concentrations used for treatment. Different types of 
metal-based nanoparticles can be synthesized such as cesium [30] and neodymium 
[31]-based upconversion nanoparticles for drug/peptide loading and imaging, such 
as X-ray computed tomography and luminescence imaging.
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The shell of nanoparticles not only provides particle stability and increased aque-
ous solubility but also enables loading of different therapeutic agents. Photothermal 
agents such as dopamine (Dopa) can be transformed into a deprotonated form when 
incorporated in the mesoporous silica shell with the assistance of polymer polyeth-
ylenimine (PEI). Dopa can absorb the blue and green upconversion generated from 
NIR absorption of UCNPs for photothermal treatment, while the unabsorbed red 
emission can be used for imaging tumors. The gadolinium (Gd) in the core (i.e., 
NaGdF4:Yb,Er@NaGdF4:Yb) of particles can be used for T1-weighted magnetic 
resonance (MR) (Fig. 3a) and X-ray computed tomography (CT) imaging of tumors 
(Fig. 3b and c) [32]. Hence loading multiple therapeutic agents in UCNPs and being 
able to use multiple imaging platforms make such theranostic agents highly effec-
tive. The trimodal imaging capability from nanoparticles [33, 34] is especially 
important as this can enable precise location of tumor regions undergoing treatment 
as well as be used for monitoring during image-guided therapy.

Fig. 3 Magnetic resonance (MR) and X-ray computed tomography (CT) imaging using 
UCNP@mSiO2-Dopa. The in vitro (a) MRI and (b) CT images corresponding value as a function 
of the concentration of UCNP@mSiO2-Dopa. (c) In vivo CT images of tumor-bearing Balb/c 
mouse before and after injection of UCNP@mSiO2-Dopa. Reprinted from Scientific Reports, 7(1), 
Lv R, Yang P, Chen G, Gai S, Xu J, Prasad PN, Dopamine-mediated photothermal theranostics 
combined with up-conversion platform under near infrared light, 1–13, Copyright (2017), with 
permission from Springer Nature under Creative Commons Attribution 4.0 International (CC BY 
4.0) License (https://creativecommons.org/licenses/by/4.0/) with no changes
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3  Liquid-Based, Aqueous, and Gas-Filled Nanomaterials

3.1  Liposomes

There has been extensive development in liposomes [35] which are characterized by 
a permeable lipid bilayer with an aqueous internal phase. These vesicle nanoparti-
cles usually contain nontoxic phospholipids and sterols such as cholesterol, which 
affect the charge, size, stability, and rigidity/fluidity of the bilayer. Multimodal 
drug-delivering liposomes can be developed for treating different types of cancer 
[36–38] and can carry different imaging agents for magnetic resonance (e.g., gado-
linium, Gd), near-infrared fluorescence (e.g., IRDye 800CW), single-photon emis-
sion computed tomography (SPECT), or positron emission tomography (PET) (e.g., 
using 99mTc or 64Cu) imaging [39]. For the IRDye-Gd-liposome group, the fluores-
cence intensities increased till 2 h post-injection, due to retention of particles in 
tumors with high signals from particles present even after 24 h post infusion. For the 
free IRDye group, the signals rapidly decreased after injection due to rapid clear-
ance of dye in the circulation system. After 24  h post infusion of IRDye-Gd- 
liposomes, there is minimal signal in major organs in tumor-bearing rats, showing 
the ability of particles to accumulate in tumors for theranostics. Signals from images 
representing gamma radiation emission from isotopes (i.e., 99mTc) in particles (i.e., 
99mTc-Gd-liposomes) show intratumoral retention and strong signals even at 44 h 
post infusion.

Liposomes have also been synthesized with photosensitizers [40], which not 
only generate reactive oxygen species for cancer cell death but also destroy tumor 
blood vessels. Further incorporating a hypoxia-activated drug (i.e., AQ4N, bano-
xantrone) can lead to a synergistic effect for further cancer cell death in tumors. Due 
to the optical properties of the photosensitizer Ce6, such nanoparticles can be used 
for both fluorescence and photoacoustic imaging, while the addition of 64Cu isotope 
through chelation can lead to a triple-modal imaging agent [41]. PET imaging 
shows that the nanoparticles can gradually accumulate over a 24-h period after 
injection of nanoparticles (Fig.  4a). By quantitative analysis of PET images, the 
accumulation of liposomes with both AQ4N and Ce6 (i.e., in terms of percentage 
injected dose per gram, % ID/g) in breast tumors increased linearly till 4 h post-
injection and remained relatively constant after 20 h suggesting their high circula-
tion time in the blood required for theranostics (Fig. 4b). The pharmacokinetic and 
biodistribution profiles were consistent with those from recording the radioactivity 
(i.e., from 64Cu from particles) from organs/tissues using a gamma counter after 
24 h post-injection of particles, which had tumor signals greater than those from 
many organs/tissues (Fig. 4c). After 24 h injection of AQ4N-hCe6-liposome, photo-
acoustic (PA) (Fig. 4d) and fluorescence (FL) signals (Fig. 4e) were about ∼2.5 and 
~1.5 times higher than those without AQ4N-hCe6-liposome injection (Fig. 4f, g), 
showing the ability of particles to efficiently accumulate in tumors through passive 
targeting and the enhanced permeability and retention (EPR) effect.
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Fig. 4 In vivo multimodal imaging and pharmacokinetic behaviors of AQ4N-hCe6-liposome. 
(a) PET images of 4T1 tumor-bearing mice with intravenous (i.v.) injection of 64Cu2+-labeled 
AQ4N- hCe6-liposome recorded at different time intervals post-injection (p.i). The tumors are indi-
cated with yellow arrows. (b) Quantification of AQ4N-64Cu-hCe6-liposome levels in the liver, 
heart, tumor, and muscle of 4T1 tumor bearing mice at various time points p.i. (c) Biodistribution 
of AQ4N-64Cu-hCe6-liposome in various organs and tissues of 4T1 tumor-bearing mice at 24 h p.i. 
as determined by 64Cu radioactivity measurement by a gamma counter. Error bars were based on 
the standard errors of the mean of triplicate samples. (d) PA imaging of tumor regions recorded 
before and 24  h post-i.v. injection of AQ4N-hCe6-liposome. (e) Fluorescence imaging of 4T1 
tumor-bearing mice with i.v. injection of AQ4N-hCe6-liposome at 1 and 24 h p.i. The tumors are 
indicated with black dashed circles. (f and g) Semi-quantitatively analyzing the PA (f) and fluores-
cence (FL) signal (g) of AQ4N-hCe6-liposome in tumors based on the images shown in (d and e). 
Error bars were based on triplicate measurements. Reprinted with permission from Feng L, Cheng 
L, Dong Z, Tao D, Barnhart TE, Cai W, et al., Theranostic liposomes with hypoxia-activated pro-
drug to effectively destruct hypoxic tumors post-photodynamic therapy. ACS Nano. 
2017;11(1):927–37. Copyright (2017) American Chemical Society
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Liposomes can also be controlled to release drugs due to the phase transition 
(i.e., gel to liquid) of specific lipids (e.g., dipalmitoylphosphatidylcholine (DPPC), 
1-tetradecanoyl-2-octadecanoyl-sn-glycero-3-phosphocholine (MSPC)) which 
make liposomes more permeable above physiological temperature (e.g., 40–45 °C). 
The phase transition can be triggered by localized hyperthermia, releasing the 
encapsulated near-infrared dyes and drugs from nanoparticles. For example, indo-
cyanine green (ICG) and doxorubicin (DOX) can be co-encapsulated in liposomes, 
while folate and conjugated gadolinium (Gd) can be used to enhance cancer cell 
targeting and for magnetic resonance imaging, respectively [42]. Since ICG can act 
as a photodynamic therapeutic agent upon near-infrared laser excitation, combining 
both ICG and DOX can lead to significant cancer cell death.

3.2  Nanoemulsions

Nanoemulsions like liposomes are liquid colloids that enable the capability of load-
ing imaging and therapeutic agents both in the core and shell of particles [43–45]. 
The stability of emulsions depends on amphiphilic emulsifying agents, which 
reduce the interfacial tension between the two immiscible phases (i.e., aqueous con-
tinuous and oil phase inside nanoemulsions). Compared to liposomes, nanoemul-
sions provide the ability for water-insoluble drugs to be loaded in the hydrophobic 
core by mixing different amounts of oil for optimizing drug loading/encapsulation 
and overall size of nanoparticles [46]. Poorly soluble drugs in aqueous environ-
ments, such as platinum-based ovarian cancer drugs, cisplatin, and myrisplatin, can 
be loaded in the core by mixing with an oil (i.e., flax seed oil), prior to emulsifica-
tion with gadolinium-attached lipids (i.e., for MRI) and endothelial growth factor 
receptor (EGFR) ligands for enhancing active targeting [47]. The plasma pharmaco-
kinetic profile of the platinum-based drugs can be improved when administered in 
nanoemulsions as compared to drug only, with no significant changes seen in drug 
concentration in blood plasma after 24 h in circulation (i.e., after intravenous (IV) 
and intraperitoneal (IP) administration in nude mice). By analysis of the MRI T1 
signals in tumors, the gadolinium-containing, EGFR-targeted nanoemulsion group 
showed sustained accumulation over a period of 24 h post-injection of particles, in 
mice bearing subcutaneous SKOV-3 (ovarian) tumor xenografts. The myrisplatin 
and C6-ceramide-loaded, EGFR-targeted theranostic nanoemulsion group of mice 
could survive much longer compared to mice treated with drug (i.e., cisplatin) only 
or control mice with no treatment. Loading drugs in emulsions not only increases 
the amount of such poorly soluble drugs reaching the tumor but also reduces gener-
alized toxicity, including acute nephrotoxicity, chronic neurotoxicity, and adverse 
gastrointestinal reactions apparent when delivering such drugs without encapsula-
tion in particles.

Important type of theranostic nanoemulsions are optically triggered droplets 
that can undergo vaporization, due to the incorporation of volatile, phase change 
perfluorocarbons. This involves the addition of optically absorbing intrinsic 
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molecules/addition of particles such as gold nanoparticles which can enable such 
emulsions to undergo a phase transition into bubbles. Different types of fluorescent 
 imaging agents (i.e., 2-(4,4-Difluoro-5-Methyl-4-Bora-3a,4a-Diaza-s-Indacene-3-
Dodecanoyl)-1-Hexadecanoyl-sn-Glycero-3-Phosphocholine, BODIPY 500/510) 
and drugs (i.e., DOX, PXT, 5-FU) can be loaded, while the conversion process of 
the nanoemulsions into bubbles provide significant pressure for both cancer cell 
damage and photoacoustic imaging [48–51]. The resulting bubbles that form can 
also be used for contrast imaging (i.e., nonlinear ultrasound (NL US) imaging) 
[52, 53], making these nanoparticles multimodal imaging and therapeutic agents. 
Such biocompatible theranostic agents can be used at high concentrations with-
out causing significant cytotoxicity while being able to provide significant contrast 
from tumors loaded with nanoparticles. In addition, other studies have shown that 
combining both pulsed laser and ultrasound (US) excitation can reduce the overall 
energy required to convert the nanoemulsions into bubbles, enhancing signal-to- 
noise ratio and suppressing linear background photoacoustic (PA) and ultrasound 
(US) signals [54].

The vaporization mechanism for converting droplets into bubbles required for 
contrast imaging and therapy can also be achieved magnetically (i.e., termed mag-
netic droplet vaporization, MDV), enabling treatment and imaging of large tumors 
using a magnetic induction coil. Magnetic nanoparticles such as iron oxide (Fe3O4) 
nanoparticles can be excited using a magnetic field for converting emulsions into 
bubbles [55]. The heating from iron oxide nanoparticles using alternating current 
(AC) can lead to vaporization of the perfluorocarbon (perfluorohexane, PFH) core 
of particles. The resulting bubbles can be used for B-mode and contrast enhanced 
ultrasound  (CEUS) imaging of tumors of nude mice, with signals greater than those 
in tumors without particles, or particles with no PFH (Fig. 5a). Furthermore, after 
treatment using nanoparticles with AC magnetic field for 6 min a day for 2 days, the 
tumors with PFH-PMMs and PMMs were nearly eradicated after 2 weeks compared 
to tumors with saline only (Fig. 5b). Furthermore, after treatment using nanoparti-
cles with AC magnetic field for 6 min a day for 2 days, the tumors with PFH-PMMs 
and PMMs were nearly eradicated after 2 weeks compared to tumors with saline 
(phosphate-buffered saline, PBS) only (Fig.  5b). Staining with hematoxylin and 
eosin (H.E) of tumor tissue showed clear boundary between untreated and treated 
cancer cells from vaporization of particles. There was also increased apoptosis after 
treatment with magnetic droplet vaporization, seen using TUNEL (terminal deoxy-
nucleotidyl transferase dUTP nick end labeling) staining, showing DNA breaks 
consistent with low levels of expression of cell death regulating protein Bcl-2 
(B-cell lymphoma 2) (Fig. 5c).
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Fig. 5 In vivo ultrasound imaging and treatment using PFH-PMMs. (a) Ultrasound images of 
tumors injected with saline, 40 mg mL−1 PMMs or 40 mg mL−1 perfluorohexane (PFH)-loaded 
porous magnetic microspheres (PFH-PMMs) pre- and post-magnetic heating treatment. (b) Tumor 
growth curve of saline (cyan), PMMs (gold) and PFH-PMMs (purple) group after the exposure to 
the alternating current (A.C.) magnetic field. (c) Histopathological sections of tumor tissues from 
nude mice from the saline (left), PMMs (centre) and PFH-PMMs (right) group. Reprinted with 
permission from Wang R, Zhou Y, Zhang P, Chen Y, Gao W, Xu J, et al., Phase-transitional Fe3O4/
perfluorohexane microspheres for magnetic droplet vaporization. Theranostics. 2017;7(4):846. 
Copyright (2017) Ivyspring International Publisher (distributed under Creative Commons Attribution 
(CC BY-NC) License at https://creativecommons.org/licenses/by-nc/4.0/ with no changes)

3.3  Nanogels

Nanogels are nanoparticles consisting of cross-linked polymer/biopolymer net-
works. The ability of nanogels to attach different functional groups and to swell and 
degrade upon environment stimuli (e.g., temperature, laser excitation, pH) provides 
versatile opportunities for the storage and controlled release of various therapeutic 
(e.g., drugs, proteins) and contrast imaging agents [56, 57]. Nanogels with a dense 
carbohydrate galactose shell can contain clinical drugs and radiosensitizers (e.g., 
iodoazomycin arabinofuranoside, IAZA) specifically targeting hypoxic tumors for 
radio-theranostics [58]. Theranostic agents are released due to a temperature- 
responsive cross-linked core (P(LAEMA)-b-P(DEGMA-st-MBAm) where LAEMA 
is 2-lactobionamidoethyl methacrylamide, DEGMA is di(ethylene glycol) methyl 
ethyl methacrylate, and MBAm is the cross-linker N,N′-methylenebis(acrylamide)). 
The nanogels have good drug loading capacity with the highest encapsulation effi-
ciency of 58.86 ± 4.22% with 1 mM of IAZA. Due to a reversible lower critical 
solution temperature (LCST) phase transition, controlled drug release is possible 
due to swelling of nanogels from physiological temperature (i.e., 37  °C) to 
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25 °C. With the inclusion of radiosensitizers and X-ray radiation, there is significant 
decrease in survival of cancer cells, with the possibility of photon emission 
tomography- based imaging of tumors when therapeutic agents are labeled with 
radionuclides. Results from clonogenic survival assay showed less than 20% surviv-
ing fraction for HepG2 HCC liver cancer cells treated with nanogels containing 
IAZA and 12 Gy radiation dose.

To take advantage of both the temperature-dependent release of therapeutic 
agents (i.e., temozolomide) and imaging, immobilization of Bi2O3 quantum dots 
(QDs) (Bi2O3@PVA) in the interior of poly(vinyl alcohol) (PVA) nanogels can be 
achieved [59]. The drug release for nanogels through phase transition can be quicker 
for treatment of cancer cells when the temperature is increased from 37 °C to 40 °C 
in tumors. At the same time, the quantum dots in nanogels enable for fluorescence 
imaging for theranostics. Nanogels can be designed for theranostics, by cross- 
linking the folate-terminated poly(ethylene glycol) (FA-PEG-NH2) and rhodamine 
B (RhB)-terminated poly(ethylene glycol) (RhB-PEG-NH2) modified oxidized algi-
nate (OAL-g-PEG-FA/RhB) with cystamine (Cys), with covalent conjugation of 
therapeutic agents via acid-labile Schiff base bond [60]. These nanoparticles are 
pH/reduction dual responsive due to the multi-functionalities of oxidized alginate 
(OAL) and acid-labile Schiff base conjugation for drug (i.e., doxorubicin, DOX). 
The particles can be used for fluorescence imaging, due to the incorporation of rho-
damine B.  The DOX-COAL-g-PEG-FA/RhB theranostic prodrug nanogels show 
excellent antitumor activity with viability of the HepG2 liver cancer cells decreas-
ing to 46% at the concentration of 100 μg mL−1, compared to >85% viability from 
nanogels without DOX at the same concentration. Other nanoparticles for theranos-
tics include Fe3O4-poly(acrylic acid) nanogels for MRI [61], Gd-/CuS-loaded func-
tional nanogels for MRI and photoacoustic (PA) imaging [62], and polypyrrole 
nanogels for PA imaging [63].

Nanogels can be synthesized with hyaluronic acid (i.e., through disulfide bond-
ing) [64]. Compared to healthy mice without tumor (Fig. 6a) and tumor-bearing 
mice (Fig. 6b), increase in fluorescence signals was seen from laser excitation of 
graphene-doxorubicin-hyaluronic acid (GDH) nanogels in tumor-bearing mice 
(Fig. 6c). From doxorubicin fluorescence, nanogels were found in all main organs 
but with lower signals, for reduced systemic toxicity and reduced clearance from the 
reticuloendothelial system (RES). Compared to graphene with attached doxorubi-
cin, nanoparticles with graphene and doxorubicin had greater accumulation (i.e., ~2 
times higher fluorescence signals) in tumors due to less accumulation in other tis-
sues (Fig.  6d). Tumor-bearing mice treated with saline and doxorubicin did not 
show tumor regression, with volumes of tumors remaining relatively constant over 
18 days with treatment with GDH nanogels. With the addition of laser excitation 
(670 nm for 30 min, 1 W cm−2), the GDH nanogels could reduce tumor volumes 
from 95 mm3 to 60 mm3 (Fig. 6e). The nanoparticles can effectively treat tumors 
without causing negative biological effects in healthy tissue as seen through histo-
logical analysis and little differences in body weight (Fig. 6f).
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Fig. 6 In vivo optical imaging and thermo-chemotherapy using graphene-doxorubicin-hyal-
uronic acid (GDH) nanogels. (a) and (b) are optical imaging of healthy mice and tumor bearing 
mice, respectively. (c) Light responsive imaging. The nanogels were intravenously injected and 
670 nm laser was applied to the tumors for 30 minutes. (d) Ex vivo imaging and fluorescence 
intensities of tumors and normal tissues. Organs were arranged in the following order: tumor (T), 
kidney (K), heart (H), spleen (S), liver (Li), and lung (Lu). (e) Thermo-chemotherapy after treating 
doxorubicin and the nanogels with and without laser irradiation. (f) Body weight changes of mice 
after treatment with the nanogels. The data were plotted as mean ± SEM (n = 5). Republished with 
permission of the Royal Society of Chemistry (Nanoscale) from, A hyaluronic acid nanogel for 
photo–chemo theranostics of lung cancer with simultaneous light-responsive controlled release of 
doxorubicin, Khatun Z, Nurunnabi M, Nafiujjaman M, Reeck GR, Khan HA, Cho KJ, et al., 7(24), 
2015; permission conveyed through Copyright Clearance Center

3.4  Micro-/Nano-bubbles

Bubbles are gas filled particles that can be used for therapy and imaging, with many 
already approved for clinical use (e.g., Definity by Lantheus Medical Imaging, 
SonoVue® by Bracco Diagnostics) [65]. Specifically, ultrasound when used with 
bubbles can provide noninvasive, image-guided and site- specific treatment. 
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Scattered ultrasound from oscillating bubbles can be used to detect tumors after 
accumulation of bubbles while being able to load different drugs in the shell. 
Compared to conventional microbubbles, perfluoropropane gas core microbubbles 
(i.e., camptothecin-floxuridine CF MBs) can be engineered with high drug loading 
capacity (up to 56.7  ±  2.3%) for different therapeutic agents (i.e., camptothecin 
(CPT), floxuridine (FUDR)) through the use of a mechanical agitation method [66]. 
Contrast-enhanced ultrasound imaging can be used for imaging treated tumor 
regions while also being able to convert the bubbles into nanoparticles (CF NPs) for 
drug release once accumulated. The inertial acoustic cavitation of the MBs can 
cause sonoporation leading to enhanced cell membrane permeation and cellular 
drug uptake. Results from in  vitro studies showed fluorescence in the CF 
MBs + ultrasound (US) group of cells increased by 3.48-fold due to the effect of 
sonoporation, compared to the group without US exposure. Cell viability of 4T1 
breast cancer cells was less than 20% after treatment with camptothecin-floxuridine 
(i.e., CF concentration at 20 μM) MBs + US (1 W cm−2, 1 min) for 4 h and incuba-
tion for 72 h. The 4 T1 tumors in mice grew slower and were also seen by immuno-
histochemical evaluation of Ki67 with camptothecin-floxuridine (CF) MBs + US 
(1.03 MHz, 50% duty, 1 W cm−2, 3 min) with a final tumor volume of ~500 mm3 at 
14 days after treatment, compared to ~1900 mm3 with PBS only. Nanoparticles can 
also be created for specifically targeting cancer cells (i.e., through folate-targeted 
binding of receptors), followed by triggered drug release and formation of CO2 
bubbles due to heating and decomposition of encapsulated ammonium bicarbonate 
(NH4HCO3) [67]. Upon near-infrared laser irradiation with inclusion of a photother-
mal agent (IR780), the lipid bilayer of particles (i.e., IR780-BTSL-FA- 
thermosensitive bubble-generating liposome) becomes more permeable for rapid 
drug release. With near-IR laser irradiation (780 nm, 1 W cm−2, 15 min) of thermo-
sensitive bubble-generating liposome IR780-BTSL-FA (i.e., at doxorubicin concen-
tration of 100 μg mL−1) after 4 h of incubation of cancer cells, viability was less than 
20% for KB human epidermoid carcinoma cells and ~ 40% for A549 human lung 
cancer cells. In vivo results from tumor-bearing mice treated with both IR780- 
BTSL- FA and laser irradiation demonstrated the greatest inhibitory effect on tumor 
growth, showing decrease in tumor volume after treatment, compared to tumors not 
treated (i.e., saline only injected in mice). After treatment with laser irradiation of 
nanoparticles, the reduction in body weight of mice was not significant, and no 
significant organ damage (i.e., necrotic cells) was observed (i.e., through histologi-
cal evaluation of tissue) suggesting their good biocompatibility and low toxicity.

Nanoparticles can also be synthesized containing bubbles. For example, a doxo-
rubicin-loaded superparamagnetic PLGA-iron oxide multifunctional theranostic 
agent can be developed for dual-mode US/MR imaging of lymph nodes, which play 
an important role in the spread of cancer. Ultrasound (US) can be used to release 
drugs from bubbles for therapy of metastasis in lymph nodes [68]. 
Immunohistochemical evaluation revealed significantly less proliferating tumor 
cells, greater apoptotic cells and lower lymphatic microvessel density (LMVD) 
through proliferating cell nuclear antigen (PCNA), terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) and lymphatic vessel endothelial 
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hyaluronan receptor (LYVE-1) immunohistochemical staining, respectively. 
Nanoparticles can also be synthesized consisting of a volatile liquid such as perfluo-
ropentane (PFP), with superparamagnetic iron oxide (SPIO) and light-absorbing 
dye (i.e., DiR) in the shell [69]. Upon laser irradiation in the near-infrared, the par-
ticles convert into bubbles and can be used for magnetic resonance (MR)/photo-
acoustic (PA)/ultrasound (US)/near-infrared fluorescence (NIRF) multimodal 
imaging. This optical droplet vaporization (ODV) process can lead to cancer cell 
death through the generation of significant pressure from the expansion of particles 
into bubbles.

4  Carbon-Based Nanomaterials

4.1  Fullerene Nanoparticles

Carbon-based nanomaterials have several key advantages over other theranostic 
agents. Due to their ability to contain a lot of carbon atoms, nanoparticles have high 
stability in vivo, larger surface area for functionalization, unique electrical and con-
ducting properties, and large space for loading and delivering therapeutic and imag-
ing molecules.

Fullerenes contain carbons that are connected to each other by single or double 
bonds to form a mesh with fused rings of five to seven atoms, to form different 
shapes such as hollow spheres (e.g., C60) and ellipsoids (e.g., C70, C84). Fullerenes 
have various applications in tumor theranostics [70, 71]. For example, a eukaryotic 
cell-like nanoplatform (EukaCell) can be synthesized to contain a nucleus-like 
fullerene core, cytoskeleton-like mesoporous silica matrix, and a phospholipid 
membrane which make the entire nanoparticle more soluble [72]. Both therapeutic 
and fluorescence imaging agents such as doxorubicin (DOX) and indocyanine green 
(ICG) can be loaded in nanoparticles through interaction with both silica and fuller-
ene and between DOX and ICG. Both the amount of drug and imaging agent encap-
sulated in nanoparticles can be controlled by varying the ratio of the amounts of 
DOX to ICG. The highest encapsulation efficiency and loading content of DOX for 

Fig. 7 (continued) intensity of DOX in PC-3 cells treated with LC60S-DI nanoparticles and laser 
irradiation showing a higher DOX LC results in significantly stronger DOX fluorescence in the 
cells. DOX (in LC60S-DI nanoparticles) concentration: 10 μg ml−1. Error bars represent ± s.d. 
(n > 50). *P < 0.05 (Mann–Whitney U-test). (g) Release of DOX from LC60S-DI nanoparticles in 
PBS showing that given the same DOX concentration (0.1 mg ml−1), NIR laser irradiation can 
induce more drug release from the nanoparticles with a higher drug loading content (LC). The 
unspecified ratios of DOX to LC60S nanoparticle and DOX to ICG for making the LC60S-DI 
nanoparticles were 1:20 and 1:1, respectively. The NIR laser irradiation was at 1.5 W cm−2 for 
either 3 (a–c) or 1 min (d–g). Reprinted from Nature Communications, 6(1), Wang H, Agarwal P, 
Zhao S, Yu J, Lu X, He X, A biomimetic hybrid nanoplatform for encapsulation and precisely 
controlled delivery of theranostic agents, 1–13, Copyright (2015), with permission from Springer 
Nature (distributed under Creative Commons Attribution 4.0 International (CC BY 4.0) License  
at https://creativecommons.org/licenses/by/4.0/ with no changes)
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Fig. 7 Cancer cell imaging and treatment with phospholipid bilayer-coated fullerene 
(LC60S) nanoparticles. Viability of (a) PC-3 and (b) MDA-MB-231 cancer cells after treated 
with LC60S-DI (with doxorubicin and indocyanine green) nanoparticles at different concentra-
tions without or with NIR laser (L) irradiation. (c) Confocal images showing the DOX and ICG 
delivered using LC60S-DI nanoparticles are mainly in the cytosol before NIR laser irradiation. 
With NIR laser irradiation, the enhanced delivery of DOX into the nuclei is evident probably due 
to the irradiation-induced release of DOX from the nanoparticles. The arrows indicate cell nuclei. 
Viability of (d) PC-3 and (e) MDA-MB-231 cancer cells after treated with LC60S-DI nanopar-
ticles made at different drug feeding ratios (i.e., different loading contents, LCs) and NIR irradia-
tion. The data show that the LC60S-DI nanoparticles with higher drug loading content (LC) is 
more potent against both types of cancer cells at all the four doses. (f) The mean fluorescence
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nanoparticles was seen for feeding ratios of 1:0.5 and 1:0.25 (i.e., DOX/nanoparticle) 
after mixing for 0.5 and 14 h. At the same time, the amount of theranostic agents 
that can be released can be controlled by the intensity, duration of laser excitation, 
and pH of the environment, serving as an important cancer theranostic agent. 
Encapsulating both DOX and ICG can lead to significant tumor size reduction as 
ICG is a photosensitizer which results in the generation of reactive oxygen species 
(ROS) upon near-infrared laser excitation of particles. Results show that phospho-
lipid-coated fullerene particles with DOX and ICG can result in cancer cell viability 
less than 50% with laser excitation of particles, leading to almost complete death of 
all cells at highest concentration (i.e., 10 μg mL−1) for both PC-3 prostate (Fig. 7a) 
and MDA-MB-231 breast cancer cells (Fig. 7b). Compared to without laser irradia-
tion, once internalized in cells, laser irradiation leads to efficient release of thera-
peutic agents that are able to enter nuclei more, seen by greater fluorescence signals 
(Fig. 7c). Both the cell viability and amount of drug reaching nuclei for therapy can 
be optimized by increasing the feeding ratio (i.e., DOX/LC60S nanoparticle) with 
greatest therapeutic effect seen using 1:0.5 ratio (Fig. 7d–f), with laser irradiation 
leading to ~35% DOX release (Fig. 7g).

Carboxyl groups containing fluorescent C60–COOH nanoparticles can be pre-
pared via a one-step thiol-ene click reaction for increased water dispersibility, lower 
cytotoxicity, and outstanding fluorescence properties [73]. Anticancer agents such 
as cisplatin can be loaded on C60–COOH nanoparticles, with greater drug release in 
acidic environments (i.e., in tumors and endosomes/lysosomes) at pH 5.5 compared 
to 7.4. Multifunctional fullerene nanoparticles (64Cu-NOTA-C60-PEG-cRGD) can 
be conjugated with cyclo (Arg-Gly-Asp) peptides (cRGD) for targeting of integrin 
αvβ3 for cellular internalization. The particles can also contain radiolabels (i.e., 
64Cu) for positron emission tomography (PET), with in vivo results showing fast 
renal clearance profiles making these particles promising and safe theranostic 
nanoparticles [74]. Fullerene (C60)-gold (Au) aggregates can also be created through 
hydrothermal reaction with a surrounding polyethylene glycol (PEG) layer to 
increase biological circulation time, particle solubility, and biocompatibility [75]. 
Gold has been shown to provide contrast through X-ray imaging with excitation by 
a radiofrequency source, while fullerene can be used for photodynamic therapy 
upon 532 nm laser excitation. Such nanosystems can serve as important multimodal 
imaging agents for X-ray and photothermal imaging while at the same time being 
able to carry different chemotherapeutic agents for synergistic therapeutic effect 
with photodynamic therapy (PDT) and radiofrequency thermal therapy (RTT). 
Nanoparticles with trismethylpyridylporphyrin-C70 (PC70) dyads in upconversion 
NPs (UCNPs) can be constructed and decorated on the surface electrostatically by 
PC70 [76]. The UCNP–PEG–FA (folic acid)/PC70 nanocomposites can act as ther-
anostic agents for trimodal imaging (fluorescence/upconversion luminescence/mag-
netic resonance imaging) and photoinduced therapy (i.e., upon NIR irradiation). 
The UCNPs are used to convert NIR light into ultraviolet-visible light to enable 
PC70 to generate singlet oxygen (1O2) for photodynamic therapy (PDT). Cell viabil-
ity results show that UCNP–PEG–FA/PC70 show negligible cytotoxicity towards 
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A549 and HBE lung cells, with greater effect in folate receptor overexpressed Hela-
luc cells (i.e., luciferase expressing cervical cancer cells).

4.2  Carbon Nanotubes

Carbon nanotubes can provide a variety of imaging and therapy options for ther-
anostics [77]. Single-walled carbon nanotubes (SWCNTs) can be used as Raman 
imaging probes while at the same time be used for photothermal cancer treatment 
by attaching gold or silver nanoparticles on their surface [78]. By making SWCNTs 
positively charged with poly(allylamine hydrochloride) (PAH) by first attaching  
single-stranded DNA (ssDNA), gold and silver seeds can be attached on nanotubes, 
which can grow to nanoparticles on the surface by adding a reducing agent such as 
formaldehyde and ammonium hydroxide. To improve cancer cell receptor targeting, 
folic acid (FA) can be conjugated on the nanotube surfaces, leading to enhanced 
Raman scattering signals from molecular bond vibrations, while at the same time 
being able to lead to effective photothermal ablation of cancer cells.

Similarly, folic acid-containing multi-walled carbon nanotubes (MWCNTs) can 
simultaneously be decorated with a fluorochrome (i.e., Alexa-fluor, AF488/647) for 
optical imaging, a radionuclide (i.e., technitium-99 m) for scintigraphic imaging 
and anticancer agent (i.e., methotrexate, MTX) for cancer therapy [79]. The loading 
in CNTs can be achieved through covalent conjugation with the surface pendant 
ester groups, with cleavage and degradation of the ester bond for drug (i.e., MTX) 
release under acidic pH (i.e., present in tumor environments) and possibly due to the 
presence of certain serum esterases. The CNT-MTX conjugates could significantly 
reduce tumor volume and growth compared to treatment with FA-CNTs or MTX 
alone. To improve biocompatibility and circulation time in the blood and for influ-
encing biodistribution, MWCNTs can be coated or covalently conjugated with natu-
ral compounds (i.e., PEGylated vitamin E, D-alpha-tocopheryl polyethylene glycol 
1000 succinate (TPGS)) and loaded with docetaxel/coumarin-6 (i.e., DTX-CNTPC) 
for bioimaging and chemotherapy/photodynamic therapy [80]. The particles with 
docetaxel showed reduced pulmonary toxicity and mostly lower activity for alkaline 
phosphatase (ALP) and lactate dehydrogenase (LDH) and lower total protein levels 
in bronchoalveolar lavage (BAL) fluid of rats after treatment, compared to without 
drug in nanoparticles and drug only (i.e., Docel™). In addition to reduced toxicity, 
after 24 h of treatment with A549 lung cancer cells, the TPGS conjugated MWCNTs 
with drug (i.e., docetaxel DTX) were 80 folds more effective than Docel™, by com-
paring the IC50 (i.e., half-maximal inhibitory concentration) values. Functionalized 
and oxidized multi-walled carbon nanotubes (ox-MWCNT-NH3

+) can also provide 
unique imaging capabilities for theranostics that otherwise would not be possible 
[81]. For example, due to their echogenicity and acoustic impedance, they can pro-
vide significant ultrasound contrast in tissue phantoms and signals comparable to 
commercial contrast agents (i.e., SonoVue bubbles). The nanoparticles provide 
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signals within a wide variety of frequencies (i.e., 5.5–10 MHz, megahertz) close to 
or currently used clinically.

Dual loading with chemotherapeutic agent (i.e., doxorubicin, DOX) and mono-
clonal  antibodies (i.e., for Endoglin/CD105) can be conjugated to SWCNTs for 
active targeting to 4T1 breast cancer cells using 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide (EDC)/N-hydroxysulfosuccinimide (NHS) 
active ester method [82]. Through the use of various assays, the SWCNTs with 
CD105 antibody and DOX increased cancer cell apoptosis, DNA damage and oxi-
dative stress with concentration. At the same time the SWCNTs can be used for 
image-guided therapy through bioluminescence and diffusion-weighted (DW) mag-
netic resonance imaging (MRI). DW-MRI can be used for the assessment of treat-
ment induced changes for  breast cancer, after the injection of DOX-conjugated 
SWCNT complexes. An increase in the apparent diffusion coefficient (ADC) from 
DW-MRI, due to the liberation of water into the extracellular space is from cell 
necrosis and is directly related to the number of killed tumor cells. Nanoparticles  
with iron oxide tagged, CD105 antibody conjugated SWCNTs had lower diffusion 
coefficients for water compared to with the addition of doxorubicin. In most cases, 
the biggest values for ADC in tumors were seen for DOX and CD105 antibody 
conjugated SWCNTs with iron tagged, compared to DOX and CD105 conjugated 
SWCNTs without iron tagged, SWCNTs with CD105 antibody and SWCNTs with 
CD105 antibody and iron tagged. The SWCNTs with iron tagged, with DOX and 
CD105 antibody have great treatment efficacy for cancer therapy and killing most 
amount of cancer cells.

4.3  Graphene Nanoparticles

Negatively charged graphene oxide (GO) nanoparticles provide high surface area 
for efficient loading of imaging and therapeutic agents [83]. Particles can electro-
statically adsorb onto the surface of other particles such as microcapsules, using the 
water-in-oil-in-water (W/O/W) double emulsion method followed by layer-by-layer 
self-assembly technique [84]. The capsules are made positively charged using a 
polymer called poly(allylamine hydrochloride) (PAH) so that the GO particles can 
be loaded on the surface of capsules through charge interactions. The addition of 
both gold (Au) and GO increases the optical absorption in the near-infrared (NIR) 
region of the capsules, which can be used for photothermal therapy through the heat 
generated. A unique property of these microcapsules is their ability to contain inter-
nal hollow space (i.e., through sublimation), enabling them to be used for contrast- 
enhanced ultrasound (CEUS), a technique with great sensitivity, with signals from 
scattering from oscillating particles. The gold from the capsules can also be used for 
X-ray computed tomography as the high atomic number and electron density of 
gold can give high X-ray attenuation.

Nanoparticles can form unique nanostructures, such as graphene nanosacks, 
which can be filled with cargo, with the ability to change the structure for either 
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rapid or slow cargo release (i.e., through sealing of particles using polymeric fillers) 
[85]. These unique structures enable graphene/Au/Fe3O4 particles to be formed for 
multimodal imaging for both MRI and X-ray computed tomography. To take advan-
tage of the high quantum yield of quantum dots, graphene oxide quantum dots 
(GOQDs) can be attached to amine-functionalized Fe3O4 nanoparticles through 
EDC-NHS amide coupling, with the potential for photothermal therapy through 
heat generated from optical absorption [86]. In addition, the ability to attach anti- 
GPC3- antibody makes these particles highly sensitive two-photon luminescence 
probes for selective separation of glypican-3 (GPC3)-expressed circulating tumor 
Hep G2 liver cancer cells.

Graphene nanosheets can be stabilized by water-soluble chitosan and also can 
have attached superparamagnetic iron oxide (SPIO) nanoparticles for efficient T2 
magnetic resonance imaging (MRI) and contain fluorescent imaging agents (i.e., 
Cy5.5) through conjugation [87]. The particles can be used for both gene therapy 
and chemotherapy by their ability to load both DNA and doxorubicin (DOX), serv-
ing as unique theranostic nanoparticles. Along with the capability for MRI, combin-
ing other types of iron nanoparticles such as cobalt ferrite (CoFe2O4) with GO 
nanosheets can provide unique therapeutic ability, such as pH-sensitive drug release 
at acidic pH environments, such as those of tumors [88]. The cancer cell viability in 
HeLa cells decreases with increasing concentration and incubation time when 
treated with DOX-loaded CoFe2O4/GO (i.e., with minimal cytotoxicity from the 
same amount of particles without DOX). The inhibition of cell proliferation is 
greater for DOX-loaded CoFe2O4/GO than from DOX alone, indicating higher 
potency for killing cancer cells using DOX-loaded CoFe2O4/GO. The cumulative 
release percent of DOX from loaded CoFe2O4/GO was 57% after 24 h at pH 4 com-
pared to ~10% at pH 7.4.

4.4  Carbon Nanodiamonds

Carbon nanodiamonds (NDs) are a unique and new type of carbon particles, and due 
to their shape allow for unique functionalization and conjugation to different types 
of therapeutic and imaging agents [89, 90]. To improve stability, the NDs can be in 
a cross-linked nanogel (ND-NG) with different negatively charged (i.e., anionic) 
therapeutic, photodynamic, and imaging agents added for theranostics through 
adsorption to the positively charged (i.e., cationic) ND-NG [91]. The NDs can be 
conjugated with a variety of conventional chemotherapeutic agents or mixed with 
proteins/peptides/antibodies for dual chemotherapy and targeted cancer cell/gene 
therapy. NDs can carry specific molecules (i.e., folic acid)/antibodies (i.e., mono-
clonal antibodies for targeting endothelial growth factor (EGF) receptors) and che-
motherapeutic agents (i.e., paclitaxel PTX, doxorubicin DOX) through conjugation, 
for increased internalization in cancer cells and sustained drug release over several 
days [92–94]. There also have been development of NDs that can be used to treat 
cancer through organelle targeting. For example, NDs with doxorubicin, folic acid, 
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Fig. 8 Antitumor effect of DOX-NDs on breast cancer xenografts in the CAM model. (a) 
DOX-NDs decrease the viability of human cancer xenografts in vivo. Breast cancer cells (0.5 × 106 
MDA-MB-231) stably expressing firefly luciferase were grafted onto the chorioallantoic mem-
brane (CAM) of the chick embryo. One day later, xenografts were topically treated with 20 μL of 
either DOX or the equivalent concentrations of DOX-NDs in 0.9% NaCl. Tumor luminescence was 
analyzed by IVIS in vivo imaging 1–3 days after treatment and 10 min after addition of D-luciferin 
with integration time of 1 second. Representative tumors are shown. (b) Decrease in tumor growth 
was monitored by expression of luciferase by MDA-MB-231 cancer xenografts. The data are mean 
± SEM (standard error of the mean) of n = 4–5. (c) Tumor xenograft growth after 3 days treatment 
as analyzed by luminescence imaging. (d) Immunohistochemical analysis of breast cancer xeno-
grafts. HE, hematoxylin and eosin staining of whole xenografts grown on CAM; original magnifi-
cation 50×; Ki-67 antigen staining of tumor xenografts, brown-red nuclei are indicative of 
proliferating cells, original magnification, 200×. *P < 0.05, **P < 0.01, Newman–Keuls multi-
group comparison. (e) Analysis of selective DOX-NDs accumulation in tumor xenografts by using 
fluorescence microscopy. Frozen sections of tumor xenografts were stained with 4′,6-diamidino-
2-phenylindole (DAPI, nuclei, blue) and fluorescent DOX-NDs were visualized with a red filter set 
(emission wavelength 610 nm). Graphs right to DOX-NDs images demonstrate changes in fluores-
cence intensity across the image (red line). The corresponding successive cuts were stained with 
HE to reveal morphology. Original magnifications, 200×. Reprinted from Advanced Functional 
Materials, 25(42), Wu Y, Ermakova A, Liu W, Pramanik G, Vu TM, Kurz A, et al., Programmable 
biopolymers for advancing biomedical applications of fluorescent nanodiamonds, 6576–85, 
Copyright (2015), with permission from John Wiley & Sons

and mitochondrial localizing sequence peptide (MLS-FA-ND-DOX) can be used to 
increase uptake of DOX in drug-resistant breast cancer (i.e., MCF-7/ADR) cells for 
circumventing drug resistance [95]. NDs with chemotherapy can treat brain tumor 
cells through the mediation of dendritic cells (DCs), eliciting an anticancer immune 
response in glioblastoma [96].
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Carbon NDs can be coated with different polymer and biopolymer coatings and 
therapeutic agents linked to particles, for example, through acid-cleavable linker 
[97, 98]. These drug-loaded NDs show comparable IC50 (i.e., half-maximal inhibi-
tory) concentrations compared to free drug in vitro and significant tumor inhibition 
in chicken embryo models [98]. The amount of triple negative breast cancer cells 
(i.e., MDA-MB-231) expressing luminescent firefly luciferase grafted onto chorio-
allantoic membrane (CAM) of the chick embryo could be detected through lumi-
nescence for determining cell death (Fig. 8a). There is a dose- and time-dependent 
inhibition of breast cancer tumors (Fig. 8b), with superior antitumor effect from 
DOX-NDs compared to DOX only (Fig. 8c). Immunohistochemical analysis from 
DOX-ND treatment revealed the number of proliferation antigen Ki-67-positive 
nuclei was reduced suggesting reduction in tumor growth rate, compared to DOX 
only and control (i.e., without any treatment) (Fig. 8d). Fluorescence imaging in 
tumor xenografts confirmed that doxorubicin (DOX) in NDs was localized in nuclei 
required for treatment through DNA intercalation of cancer cells (Fig. 8e).

Nanodiamonds have also been shown to be able to detect important biological 
molecules such as ferritin, due to adsorption onto the ND surface through electro-
static interaction and can be implemented for biosensing of important metallopro-
teins [99]. This is possible due to changes in the electron spin Hahn echo decay rate 
and T2 coherence time from NDs and NDs with attached ferritin. Carbon NDs can 
also be used for other imaging modalities such as photoacoustic (PA) imaging, 
which is based on the light absorption of particles. In order to create the photoacous-
tic effect, a focused and pulsed laser is used, where NDs are conjugated with high 
light absorbing gold nanoparticles for enhancing PA signals [100]. These signals 
provide potentially a means for temperature imaging deep in tissue [101]. The PA 
signals correspond to regions in tumors where damage has occurred from signifi-
cant amount of heat generated from optical absorption. The NDs can also be used 
for two-photon luminescence imaging [102] and for better contrast and reduced 
autofluorescence and photodamage compared to other fluorescence imaging tech-
niques (i.e., confocal imaging). Nanodiamonds conjugated with growth hormone 
(GH) can also be used for specific targeting of membrane receptors in lung cancer 
cells where specific nanoparticle scattering peaks can be used for confocal Raman 
mapping [103].

5  Polymer-Based Nanomaterials

5.1  Nanoparticles with Dendrimers

Dendrimers are highly ordered, symmetric molecules used to make nanoparticles 
[104, 105]. One of the major advantages of using dendrimers is the ability to define 
and readily tune nanoparticle size and surface functionalities, with the number of 
exterior functional groups branching out from the core increasing exponentially. A 
commonly used dendrimer, polyamidoamine (PAMAM), can be used to decorate 
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superparamagnetic iron oxide nanoparticles (SPION), with the dendrimer contain-
ing folic acid (FA) and hydrophobic anticancer drug, 3,4-difluorobenzylidene difer-
uloylmethane (CDF), for folate-receptor mediated endocytosis, targeting, and 
therapy of ovarian and cervical cancer cells [106]. Such nanoparticles can be used 
for magnetic resonance (MR) T2-weighted imaging, with a significant population of 
cancer cells undergoing apoptosis due to upregulation of important tumor suppres-
sor phosphatase and tensin homologue (PTEN) and caspase 3 with inhibition of 
nuclear factor kappa B (NF-κB). PAMAM dendrimer nanoparticles can also be syn-
thesized with a gold core for computed tomography (CT) imaging of colon cancer 
tumors, with the ability to attach and load stable DNA aptamers (i.e., for transmem-
brane glycoprotein mucin, MUC-1) and natural therapeutic agent curcumin (inside 
the cavities of dendrimer), which by itself has poor aqueous solubility and low 
bioavailability [107].

Dendrimers can also be grafted onto the surface of nanoparticles to improve 
biocompatibility and conjugation of cancer membrane attaching aptamers such as 
AS1411 (i.e., using amide condensation reaction). Therapeutic agents can be cou-
pled to PLNPs-PAMAM-AS1411 via an acylhydrazone bond that can be used for 
persistent luminescence (PL) (i.e., originating from 2E → 4A2 transition of distorted 
Cr3+ ions in gallogermanate) [108]. At acidic pH 5 as in tumors, the hydrazone bond 
is cleaved due to hydrolysis leading to greater release of therapeutic agents. In vitro 
results in HeLa cervical cancer cells showed cell viability as low as ~40% when 
treated with PLNPs-PAMAM-AS1411/DOX. More than 60% tumor inhibition rate 
was seen with PLNPs-PAMAM-AS1411/DOX in HeLa tumor-bearing mice, which 
is ~20% more than when mice are treated with PLNPs-PAMAM-DOX (i.e., without 
AS1411). PAMAM dendrimer/Cu(II) particles can also be developed for radiother-
apy-enhanced MRI [109]. The G5.NHAc-Pyr/Cu(II) complexes of particles can 
induce intracellular reactive oxygen species (ROS) generation and cancer cell apop-
tosis, with a lower level of protein Bcl-2 (B-cell lymphoma-2) and higher level of 
proteins PTEN (phosphatase and tensin homologue) and Bax (Bcl-2 associated X 
protein) and tumor suppressor P53 (i.e., compared to control group). Significant 
reduction in cancer cell viability is seen using the G5.NHAc-Pyr/Cu(II) complexes 
in particles in different cell lines (i.e., KB, A549, C6, 4T1) with two times more 
ROS generated, compared to control group (i.e., normal saline, NS group). The 4T1 
breast tumors treated with G5.NHAc-Pyr/Cu(II) complexes had significantly 
reduced growth rates, with less than 25% of weight of tumors of that of control 
group (i.e., normal saline, NS group) after radiotherapy.

Nanoparticles with polypropylenimine (PPI) dendrimers can also be created with 
a single agent (i.e., naphthalocyanine) encapsulated in the hydrophobic interior of 
dendrimers that provide both therapeutic (i.e., dual photothermal and photodynamic 
therapy) and imaging (i.e., fluorescence) capabilities [110]. Under continuous near- 
infrared (NIR) laser excitation, these theranostic agents showed good photostability, 
preserving their theranostic capability with almost complete cancer cell death and 
no significant tumor growth after combination treatment. Less than 50% cancer cell 
viability (i.e., using Calcein AM assay) can be achieved depending on the concen-
tration of the biocompatible particles used, with significant ovarian cancer cell 
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death seen when using 785 nm laser irradiation for 10 min at 0.3 W cm−2 (Fig. 9a). 
Using combinational therapy (i.e., photothermal and photodynamic) can lead to less 
than 5% cancer cell viability (Fig. 9b), due to the ability of naphthalocyanine in 
particles to generate heat (Fig. 9c) and reactive oxygen species (ROS) upon laser 
excitation (Fig. 9d).

5.2  Micelles

Micelles are nanoscopic aggregates made up of single-chain amphiphilic molecules, 
which self-assemble in aqueous media above the critical micelle concentration 
(CMC). The outer corona is hydrophilic, acting as a stabilizer, while the hydropho-
bic inner core can carry lipophilic/hydrophobic agents for theranostics [111, 112]. 
Due to their self-assembly above the CMC, they are generally easier to produce 
compared to other theranostic particles. Micelles are less bulky and have good sta-
bility at physiological conditions in blood and low immune response. Lipophilic 
imaging agents (i.e., IR-780 iodide) can be loaded in the core of micelles with phos-
pholipid mimicking zwitterionic and amphiphilic homopolymer poly(12-
(methacryloyloxy)dodecyl phosphorylcholine) (PMDPC) [113]. The developed 
micelles show good photostability with low leakage of imaging agents upon near- 
infrared laser excitation. Since micelles contain molecules that are similar to those 
of lipids of cell membranes, they have improved biocompatibility, with the loaded 
fluorescent marker used for imaging and photothermal therapy. At a concentration 
of 50 μg mL−1 for theranostic PMDPC-IR-780 micelles (0.9 W cm−2, 808 nm), a 
temperature rise of ~10 °C was observed after 2 min of irradiation. At a higher con-
centration of 100 μg mL−1, the temperature further increased by about 16 °C. Cell 
viability of BxPC-3 pancreatic cancer cells after treatment with micelles (with 
5 μg mL−1 IR-780) and 5 min of irradiation (0.8 W cm−2, 808 nm) was lower than 
20% with strong near-IR fluorescence signals from PMDPC-IR-780 micelles.

ICG-conjugated and 125I-labeled amphiphilic diblock polymer poly(ethylene gly-
col)–poly(l-tyrosine-125I)–(indocyanine green) (PEG-PTyr(125I)-ICG) can be used 
to form micelles through simple self-assembly through mixing [114]. These parti-
cles can be used for trimodal fluorescence (FL), photoacoustic (PA), and single-
photon emission computed tomography (SPECT) imaging and photothermal 
therapy (PTT) due to the incorporation of indocyanine green (ICG). Dual respon-
sive amphiphilic copolymer poly(ε-caprolactone)-ss-poly(2-(dimethylamino) ethyl 
methacrylate), PCL-SS-PDMAEMA towards pH/redox can also be synthesized 
through self-assembly [115]. Acidic pH 5 and addition of glutathione (GSH) leads 
to reducing conditions mimicking intracellular environment. This leads to swelling 
of micelles due to increase in electrostatic repulsion between polymer chains, stron-
ger hydrophilicity, and controlled release of loaded therapeutic agents. The addi-
tional ability of micelles to carry gold nanoparticles (AuNPs) can lead to imaging 
capability from X-ray attenuation using computed tomography (CT).
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Fig. 9 Dendrimer-encapsulated naphthalocyanine nanoparticles for cancer therapy. (a) 
Dark cytotoxicity and photodynamic (PDT) therapeutic effect of the prepared nanoplatform on 
A2780/AD ovarian cancer cells incubated with different concentrations of SiNc-NP and irradiated 
for 10 min using 785 nm laser diode (0.3 W cm−2). (b) Combinatorial (PDT + PTT) therapeutic 
effect of the prepared nanoplatform on A2780/AD ovarian cancer cell pellets incubated with 
SiNc-NP at a concentration of 25 μg mL−1 and irradiated for 10 min using 785 nm laser diode 
(1.3 W cm−2, yellow bar) compared to the next controls: (1) untreated cells (black bar), (2) cells 
treated with SiNc-NP and SiNcOH-NP (25 μg mL−1) under dark conditions (red and green bars), 
(3) untreated cells exposed to the laser diode (785 nm, 1.3 W cm−2, 10 min, blue bar), (4) photody-
namic therapy only (SiNc-NP exposed to 0.3 W cm−2 light, cyan bar), and (5) photothermal ther-
apy only (SiNcOH-NP exposed to 1.3  W  cm−2 light, magenta bar). (c) Dynamic temperature 
profile of A2780/AD cells transfected with SiNc-NP (25 μg mL−1) and exposed to the laser diode 
(785 nm, 1.3 W cm−2). Non-treated cells exposed to the laser diode were used as the control. The 
arrows indicate when the laser diode was turned on and off, respectively. (d) Relative intracellular 
ROS levels (detected using a 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) assay) in 
A2780/AD cells incubated with SiNc-NP at a concentration of 25  μg  mL−1 and irradiated for 
10  min using the 785  nm laser diode (1.3  W  cm−2). Non-treated cells and cells treated with 
SiNc-NP under dark conditions were used as the controls. Republished with permission of the 
Royal Society of Chemistry (Nanoscale) from, Dendrimer-encapsulated naphthalocyanine as a 
single agent-based theranostic nanoplatform for near-infrared fluorescence imaging and combina-
torial anticancer phototherapy, Taratula O, Schumann C, Duong T, Taylor KL, Taratula O, 7(9), 
2015; permission conveyed through Copyright Clearance Center
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Nanoparticles such as mixed gold and iron oxide micelles (GSMs) can be syn-
thesized as contrast agents for CT and magnetic resonance (MR) imaging [116]. 
The gold nanoparticles can be used to radiosensitize glioma cell lines where DNA 
break formation or inhibition of subsequent DNA repair occurs. MRI analysis 
showed significant uptake of particles in brain tumor tissue. Multi-block polymer, 
drug loaded micelles can be created where cleavage of PEG segment bearing a pH-
sensitive benzoic-imine linkage (BPEG) could act as a switch, capable of activating 
cell targeting under extracellular conditions of tumors (i.e., lower pH, elevated glu-
tathione concentration compared to normal tissue) [117]. This is followed by trig-
gering the cleavage of disulfide and increasing the rate of drug release in tumors. 
Superparamagnetic iron oxide nanoparticles (SPION) clustered within the micellar 
core can be used for MRI contrast from T2 relaxation. Polymers are important com-
ponents of micelles which are sensitive to changes in pH, temperature, ultrasound, 
enzymes, or a combination of any of these factors [118]. This makes these types of 
particles effective in delivering the majority of therapeutic agents once at tumors 
while at the same time being able to carry imaging agents for theranostics [119, 120].

5.3  Polyplex Nanoparticles

Polyplexes are complexes formed by nucleic acids and polymers and can be used 
for effective gene delivery. The polymers used are usually positively charged due to 
interactions required with negatively charged oligonucleotides. Polyplexes provide 
better safety profiles compared to viral vectors, not to mention reduced immunoge-
nicity, mutagenesis, and cost. Sodium iodide symporter (NIS)-conjugated nanopar-
ticles with polyethylenimine coupled to synthetic peptide B6 can be used for the 
treatment of liver cancer [121]. The biodistribution of particles was determined 
using 123I-scintigraphy with the amount of iodide accumulation in tumors suggest-
ing improved survival from gene delivery and treatment. A composite can be devel-
oped for bioimaging with highly fluorescent gold nanoclusters (Au NCs) and 
biopolymer chitosan, for forming a stable polyplex with suicide gene (pCD−UPRT) 
for apoptosis of cervical cancer cells after addition of prodrug 5-fluorocytosine 
(5-FC) [122]. The delivery of the suicide gene produces enzyme, cytosine 
deaminase- uracil phosphoribosyltransferase (CD−UPRT), converting 5-FC to che-
motherapeutic agent 5-FU (5-fluorouracil). Additionally, a pyrimidine salvage 
enzyme, uracil phosphoribosyltransferase (UPRT), can be used to convert 5-FU to 
metabolites (e.g., 5-FdUMP and 5-FUTP), inhibiting DNA replication and RNA 
synthesis in cancer cells.

A redox-sensitive (hyaluronic acid-stabilized redox-sensitive theranostic, HART) 
polyethylenimine polyplex composed of a doxorubicin (DOX) intercalated Bcl-2 
short hairpin RNA (shRNA) encoded plasmid along with a green-synthesized haus-
mannite (Mn3O4) and hematite (Fe3O4) nanoparticle (GMF) can be synthesized 
[123]. The HART nanoassembly leads to intracellular uptake through CD44 media-
tion, with drug-gene release through hyaluronidase (hylase) and redox-responsive 
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Fig. 10 Dual MRI contrast of HART nanoassembly-treated MCF7/ADR cells. (a) Prussian 
blue staining of HART nanoassembly treated MCF7/ADR cells. (b) ICPMS analysis of Mn and Fe 
in HART nanoassembly treated MCF7/ADR cells. (c) T1 and T2 relaxivities of GSP-Mn and 
GSP-Fe. (d) Phantom tube images of T1 and T2 contrast in HART nanoassembly treated MCF7/
ADR cells (n = 4; SEM; ** indicate p ≤ 0.01). Reprinted with permission from Rajendrakumar 
SK, Venu A, Revuri V, George Thomas R, Thirunavukkarasu GK, Zhang J, et al., Hyaluronan-
Stabilized Redox-Sensitive Nanoassembly for Chemo-Gene Therapy and Dual T1/T2 MR Imaging 
in Drug-Resistant Breast Cancer Cells. Molecular Pharmaceutics. 2019;16(5):2226–34. Copyright 
(2019) American Chemical Society

properties. The delivery of HART in multidrug-resistant breast cancer cells, Bcl-2 
gene silencing, and DOX delivery lead to cancer apoptosis. In addition, the iron 
nanoparticles can be used for dual MRI contrast (T1/T2) imaging for theranostics. 
The results from Prussian blue-stained multidrug-resistant MCF-7/ADR breast can-
cer cells treated with HART nanoassemblies showed increase in iron (Fe) presence 
with respect to the increase in HART treatment concentration (Fig. 10a). Due to 
CD44 receptor overexpression in MCF-7/ADR, the manganese (Mn) and iron (Fe) 
concentrations were significantly increased in the HART nanoassembly treatment 
compared to the redox-sensitive theranostic (RT) nanoassembly treatment (Fig. 10b). 
The grape- seed proanthocyanidin (GSP) Fe and Mn nanoparticles in the HART 
nanoassembly showed enhanced T1 and T2 contrast in MCF-7/ADR cells, with lin-
ear increase in relaxivities with concentration of nanoparticles (Fig.  10c). This 
enables the HART nanoassemblies to be used as dual MRI T1 and T2 contrast agents 
at higher concentrations of Mn and Fe in particles (Fig. 10d).
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6  Conclusions

Nanoparticles provide tremendous capability for treating cancer, one of the most 
common group of diseases in the world. Compared to conventional chemotherapy, 
theranostic nanoparticles provide great potential as they can both passively and 
actively target cancer cells while at the same time being able to reduce systemic 
toxicity in healthy tissues. Their physical and chemical properties can be tuned to 
maximize their ability to locate tumors for diagnosis and treatment, by increasing 
imaging signals and drug loading (e.g., using chemotherapeutic agents, genetic 
material) and release after tumor accumulation. As the field of cancer theranostics 
grows, there is no doubt there will be increased development of nanoparticles that 
can be used to treat different types of cancer, due to their flexibility for imaging and 
therapy.
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Theranostic Nanoparticles in Cancer 
Diagnosis and Treatment

Dipak Maity, Satya Ranjan Sahoo, Ankur Tiwari, Siddharth Ajith, 
and Sumit Saha

1  Introduction

Cancer (also known as malignancy) is a term for a group of diseases in which the 
body’s cells multiply uncontrollably. This disease is one of the significant sources 
of death around the globe [1]. Nanoscience and nanotechnology pro-
vide immense potential to stop the spread of cancerous cells in the body. It helps to 
cure the disease in a specialized way at a nanoscale, thereby efficiently curing the 
disease. Till now, nanotechnology based cancer theranostics is in its initial stages of 
application but has a vast potential for research and development in the future. As 
the name suggests, theranostic is a combination of two words: therapy and diagnos-
tics [2]. On a nanoscale, theranostic improves the diagnosis ability as well as effi-
ciency of therapy [2]. Various theranostic nanomaterials have been evolved for 
cancer treatment and diagnosis, and it is discussed in a detailed way in this chapter. 
Due to their small size and high surface energy, nanomaterials react significantly 
with biomolecules in the cell [3].
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The most significant advantage of using nanotechnology is its ability to deliver a 
targeted agent to the tumor site, which helps in the efficient treatment of the can-
cer  disease. Nanotechnology also provides scientists and researchers with the 
opportunity to study the development of tumors even during their initial stages. 
Moreover, it is very essential to detect the tumors in their earlier stages for a proper 
cure for the cancer disease, which is easily possible using advanced nanotechnology 
[4]. The level of accuracy and precision that can be obtained by using nanotechnol-
ogy is much better than the currently employed conventional  techniques. Even 
though there are many advantages, there is also a chance of generating toxicity due 
to the nanomaterials, which must be researched further [4]. Nevertheless,  the 
advancement of robust theranostic materials is one of the keys to discovering and 
treating cancer in the twenty-first century [3].

From this chapter, the reader can get a broad picture of the application of nano-
technology in the field of cancer therapy as well as about various theranostic nano-
materials which are investigated in cancer diagnosis and its treatment. Even though 
this modern technology has shown promising results in cancer theranostics, it has 
some limitations, which have also been discussed  in this chapter. Almost all the 
aspects of theranostic nanomaterials have been considered, and one can conclude 
that nanotechnology is the future alternative for cancer treatment.

2  Classification of Theranostic Nanoparticles

Theranostic nanoparticles (TNPs) are multifunctional nanomaterials that are 
designed for specific and personalized disease management as they possess both 
diagnostic and therapeutic capabilities in a single biocompatible nanoparticle [5]. 
TNPs can ideally be those nanomaterials which can effectively accumulate and/or 
deliver the potential drugs selectively to the target site without affecting any other 
tissue/organ or the organism itself, are easily eliminated from the organism’s body, 
and must be biodegradable into nontoxic by-products. In cancer treatment, TNPs 
have proved to be very attractive and promising agents [6]. They have the potential 
to revolutionize cancer treatment as they possess both the theranostics and drug 
delivery capability. In the last few decades, with the development of nanotechnol-
ogy and nanoscience, there has been an increased interest in studies of various kinds 
of TNPs for simultaneous cancer imaging and therapy. These TNPs have been clas-
sified and discussed in detail in this section. A schematic representation of different 
TNPs used in cancer diagnosis and treatment is shown in Fig. 1.
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Fig. 1 Schematic representation of different TNPs used in cancer diagnosis and treatment

2.1  Magnetic Nanoparticles

Magnetic nanoparticles (MNPs) are considered one of the essential classes of 
nanomaterials that are widely studied for their potential application in theranostics 
and biomedicines. MNPs can be easily manipulated by an externally applied mag-
netic field, making them one of the important candidates for in vivo applications. 
MNPs are used in different applications like magnetic biosensing, magnetic imag-
ing, drug delivery/targeting, hyperthermia therapy, etc. MNPs have a large surface- 
to- volume ratio and unique  dissimilar magnetic behavior as compared to their 
bulk. Different  materials like pure metals (Fe, Co, Ni, etc.), alloy  (Fe-Pt), and 
oxides/ferrites (like Fe3O4, 𝛄-Fe2O3) are commonly used MNPs in nanomedicine. 
However, pure metals are not suitable for clinical application owing to their toxic-
ity and rapid oxidation tendency. Iron oxide is widely used in the fabrication of 
MNPs as it is chemically stable, nontoxic, non-immunogenic and biodegradable 
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[7]. Hence,  iron oxide nanoparticles like magnetite (Fe3O4) and maghemite 
(𝛄-Fe2O3) are commonly used MNPs in biomedical applications due to the fact that 
these MNPs have higher effective areas, improved tissular diffusion, and reduced 
magnetic dipole-dipole interactions. Additionally, their  particle size is smaller 
enough to circulate through the capillary system of organs and tissues. 
Nevertheless,  their movement can be controlled by magnetic fields as they have 
high magnetization and can be immobilized close to the target pathogenic tissue [8].

Superparamagnetic iron oxide nanoparticles (SPIONS) are a type of MNPs that 
display unique superparamagnetic properties as compared to ferro−/ferrimagnetic 
iron oxide nanoparticles in the presence of an external magnetic field. They have 
various biomedical applications  such as magnetic fluid hyperthermia, MRI, drug 
delivery, and gene delivery due to their exceptional physicochemical characteristics: 
magnetic properties, chemical stability, biodegradability, and low toxicity. Generally, 
the SPIONS have a core-shell structure of magnetite and/or maghemite cores with 
a surface coating of nonmagnetic organic/inorganic species which prevents the 
SPIONs from aggregation. These stabilizing coatings play an essential role in deter-
mining magnetic and physicochemical properties of the SPION core. Coercivity of 
the multi-domain MNPs gradually increases with reducing their size and reaches to 
the maximum at their single-domain size, and subsequently decreases to zero with 
further reducing their size up to superparamagnetic size. Therefore, SPIONs reveal 
superparamagnetism behavior (i.e., zero coercivity and remanence) below their 
superparamagnetic size limit. Moreover, these particles exhibit high saturation mag-
netization and magnetic susceptibility under the influence of an externally applied 
magnetic field [9].

2.2  Carbon-Based Nanoparticles

Carbon-based nanoparticles (CNPs) are entirely made up of carbon. Carbon has 
many allotropic forms like graphite, diamond, and amorphous carbon. CNPs have 
sp2-hybridized carbon atoms that have been developed in various dimensions. 
Different carbon-based nanomaterials can be classified as follows:

 1. Fullerene (zero dimensional), a hollow cage-like structure. They are made up of 
sp2-hybridized carbon atoms. Its structure is similar to hollow football with pen-
tagonal/hexagonal carbon units organized in a regular pattern. Most of the fuller-
enes are spheroids in shape (like C60). However, oblong shapes like Rugby balls 
also exist (like C70). Fullerenes are an allotrope of carbon. They have unique 
photophysical and photochemical properties, and also good electrical conductiv-
ity, and higher strength.

 2. Carbon nanotubes (CNTs) (one dimensional), which is structurally one carbon 
atom thick sheet rolled into hollow elongated tubes having 1 nm of diameter. The 
carbon atoms are linked in a hexagonal structure. Based on rolling, CNTs can be 
categorized into single-walled CNTs (SWNTs) and multi-walled CNTs 
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(MWNTs). In SWNTs, the sheets are single-rolled, whereas MWNTs consist of 
multiple rolled sheets. Each layer in MWNTs interacts through van der Waals 
forces. CNTs have high tensile strength, good electrical and thermal conductiv-
ity, optical properties, and mechanical properties.

 3. Graphene sheets (two dimensional) are allotropic forms of carbon composed of 
sp2-bonded carbon atoms that form a hexagonal network of honeycomb lattice in 
two-dimensional planar surfaces. Generally, the thickness of graphene sheets is 
1 nm. The various derivatives of graphene include graphene oxide, reduced gra-
phene oxide, chemically modified graphene oxide, etc. They have unique prop-
erties like high electrical conductivity, good chemical stability, large surface 
area, etc.

 4. Graphite and nanodiamonds (three dimensional) are made up of sp2 carbon 
atoms arranged in a hexagon sphere, and nanocrystals consisting of tetrahedrally 
bonded carbon atoms, respectively. Nanodiamonds (NDs) have unique optical 
properties. Besides, there are also other forms of carbon-based nanomaterials 
like carbon quantum dots, carbon nanofibers, and carbon black.

CNPs have excellent mechanical, thermal, optical, and chemical properties. With 
these properties, they also have unique structural dimensions that make them be 
utilized in widely diverse areas of applications of which biomedical application is 
very significant. In recent times, CNPs have been utilized in the imaging of cells and 
tissues and the delivery of therapeutic molecules for different diseases. Moreover, due 
to the broad one-photon property of CNPs, they have been recently used as imaging 
agents in tumor diagnosis. The intrinsic two-photon fluorescence property in the 
long-wavelength region helps in deep tissue optical imaging [10]. Further, CNPs 
have an internal structure based on graphene sheets assembled to form quasi- 
spherical nanoparticles, and the external shell can be functionalized with different 
functional groups. They also show a peculiar optical property, particularly in the 
UV-Vis spectrum, where it shows a broad range of absorption bands and a tail in the 
UV and visible regions, respectively. This is due to π-π* and n-π* transitions related 
to C=C and C=O, respectively [11].

2.3  Silica-Based Nanoparticles

Silica-based nanoparticles (SNPs) are colloidal silica (silicon dioxide) nanoparti-
cles that are amorphous and generally spherical. They have different ranges of sizes 
with different surface chemistry. There are two major types of SNPs, namely, solid 
silica nanoparticles (SiNPs) and mesoporous silica nanoparticles (MSNs) [12]. 
Both have different properties. SiNPs have favorable colloidal properties and are 
photochemically stable. Being biocompatible, the surface of SiNPs can be function-
alized (with various functional groups like antibodies, aptamers, and polymers) to 
be utilized as an optical imaging and drug delivery agents. Further, MSNs have a 
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high surface area and tunable pores that can be utilized for loading therapeutic or 
imaging agents.

SNPs are classical types of materials which are largely used in biomedical appli-
cations as they are inexpensive and it is very easy to prepare. Their surface charac-
teristics, porosity, and functionalization can be tuned to make them good tools for 
biomolecule detection and separation (like protein adsorption and separation, 
nucleic acid detection and purification) and provide a suitable medium for drug 
delivery, gene delivery, and imaging [13]. Since they are biocompatible, they are 
typically designed to be used as nanocarriers and/or biomodulators for therapeutic 
delivery [14]. Moreover, SNPs, especially the porous variant (i.e., MSNs), can be an 
excellent tool for antimicrobial drug delivery agents due to their high drug loading 
capacity, tunable pore size and volume, ease of functionalization, and biocompati-
bility [15]. Besides,  SNPs are chemically inert, and their matrix porosity is not 
susceptible to swelling or change in pH. Therefore, it can be used to encapsulate 
theranostic agents like photosensitizers, and it can also selectively accumulate in 
cancer cells for effective cancer treatment (like improving efficacy of photodynamic 
therapy). Furthermore, SNP surfaces can be easily functionalized or modified with 
cancer specific biomolecules for tumor cell targeting [16].

2.4  Metallic Nanoparticles

Metallic nanoparticles (MEPs) are generally nanoscale metals whose dimensions 
lie within a range of 1–100 nm. Faraday, in 1857, was the first to recognize the exis-
tence of metallic nanoparticles in solution, and Mie, in 1908, gave the quantitative 
explanation of their color [17]. In recent years with the development of nanotech-
nology and nanoscience, MEPs have received enormous attention and increased 
interest for studies due to which it has been exploited in different application fields, 
especially in biomedical fields. MEPs have various shapes, tunable surface chemis-
try/surface functionalization, unique optical properties (like surface plasmon reso-
nance), versatile functionalization, and a good penetration with traceability in the 
living organism, which makes them be utilized as an excellent theranostics agent in 
cancer treatment. MEPs generally have a small size of about 50 nm, enabling them 
to cross or penetrate the capillaries in tissues and cells and thus reach the targeted 
area. Moreover,  they have a high surface/volume ratio with the modified surface, 
allowing them to carry many potential drugs as a drug carrier and thus help in drug 
delivery. One of the unique advantages of using MEPs in cancer treatment is that 
they can efficiently absorb light and convert it to heat. This makes them be used in 
hyperthermic tumor therapy in which photo stimulation provides thermal energy, 
which makes this therapy highly specific.

Considering their inherent CCT, PA, fluorescence, surface-enhanced Raman 
scattering (SERS), and PTT imaging properties, MEPs, particularly Ag and Au have 
mainly focused on cancer theranostics. In order to improve their biocompatibility 
and avoid RES uptake, the surfaces of MEPs have been modified  with various 
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molecules (e.g., PEGylated). A significant advantage of MEPs is that they can be 
functionalized with tumor-specific ligands and stimuli-responsive components and 
be conjugated with other therapeutic/imaging agents to achieve targeted/triggered 
delivery and multimodal cancer theranostics [18].

2.4.1  Silver Nanoparticles

Silver has been extensively used in coins and jewelry due to its noble properties like 
gold since ancient history. Silver is also resistant to bacteria and is thus used as an 
antibacterial agent with low toxicity. Hippocrates (considered to be the father of 
modern medicine), known for his outstanding figures in the history of medicines, 
believed in the healing effect of silver because of its anti-disease properties. Because 
of this healing effect, it was used to protect water. Silver compounds had been used 
in curing wound infections instead of antibiotics during World War I. In today’s era 
of nanotechnology and nanoscience, new theranostics approaches have been devel-
oped by which silver nanoparticle (AgNPs) is used as medicines. AgNPs are exten-
sively used in industrial and health products, like coating medical devices; 
biosensors; bioimaging; antibacterial, antifungal, antiparasitic, antiviral, anticancer 
agents; and drug carriers and therapeutics [19]. The reasons behind its extensive use 
are its superior physicochemical characteristics, which include high conductivity, 
better plasmonic properties, and chemical stability, as well as its antibacterial, anti-
viral, and antifungal properties.

2.4.2  Gold Nanoparticles

Gold is one of the oldest metals, which was discovered several thousand years ago. 
It is one of the least reactive chemical elements, making it resistant to corrosion and 
other chemical reactions. The unique bright yellow color of gold made it be used for 
coinage and jewelry. Thus, gold became the symbol of power and wealth. Ancient 
Chinese, Arabian, and Indian papers from fifth to fourth centuries BC reported the 
medicinal application of gold and its complexes which recommended it to treat vari-
ous diseases. In 1857, Faraday presented the first scientific article on gold nanopar-
ticles, a red colloidal, and described its light scattering features. Like AgNPs, gold 
nanoparticles (AuNPs) are also extensively used in cancer theranostics due to their 
unique physicochemical properties like surface plasmon resonance (SPR) and abil-
ity to bind with amine and thiol group, which allows surface modification so that it 
can be used in biomedical applications [20]. Further, AuNPs display tunable physi-
cochemical properties due to their different sizes (2–100 nm) and shapes, including 
nanospheres, nanorods, nanoshells, nanocages, nanostars, and surface plasmon 
resonance (SPR) properties, along with tailor-made surface functionalization. As a 
result, they are extensively used in several single-modal theranostics applications, 
including optical−/photoacoustic-/CT-imaging of cancer cells, PTT, and anticancer 
drug delivery [18].
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2.5  Polymer Nanoparticles

Polymer nanoparticles (PNPs) are composed of polymers that are prepared by sim-
ply converting  monomers or bulk polymers to nano-sized polymers. It can be 
defined as those solid colloidal particles in the range of 10–1000 nm which can be 
loaded with active compounds on the surface or inside the polymer core. The term 
“polymer nanoparticles” is collectively used for all types of nano-sized polymer 
particles, but specifically for polymer nanospheres and nanocapsules [21]. Polymer 
nanospheres are matrix particles where the entire mass is solid, and molecules are 
adsorbed at the surface of the sphere or encapsulated within the matrix particles. 
Whereas nanocapsules are vesicular reservoir systems, which have a liquid core 
surrounded by a solid material shell that is made up of a continuous polymeric net-
work. Inside the liquid core, usually biologically active molecules (like drugs, 
genes, nucleic acid, etc.) are dissolved/encapsulated.

In the preparation of PNPs, both natural and synthesized polymers are used. 
However, natural polymers are more preferred owing to their biodegradability. 
Thus, natural polymers are used to make polymer nanoparticles for in vivo drug 
delivery systems. Examples of such natural polymers used for the preparation of 
PNPs are starch, polypeptides, albumin, polyhydroxyalkanoate (PHAs), gelatin, 
cellulose, etc. On the other  hand,  Synthetic polymers used in the preparation of 
nanoparticles are polyethylene (PE), polyethylene glycol (PEG), poly lactic-co- 
glycolic acid (PLGA), and polyvinyl alcohol (PVA) [22]. PNPs can be produced by 
various techniques. Generally, there are two main strategies to prepare PNPs, 
namely, the dispersion of performed polymer and the direct polymerization of 
monomers [23].

Further,  surfaces of PNPs are often functionalized with different functional 
groups like surfactant, metal ions, or small molecules for better binding, targeting, 
and delivery purpose. By converting polymer to PNPs induces unique physico-
chemical properties. Moreover, due to their small size, high volume to surface area 
ratio, and tunable pore, polymer nanoparticles are extensively  used for various 
applications like biosensors, drug delivery, stimuli response cargo delivery, and 
agricultural and environmental applications. The advantage of using PNPs in drug 
delivery systems includes high drug encapsulation efficiency, high stability, ability 
to protect drugs, and biocompatibility with tissue and cells. In fact, today, nanotech-
nology and nanoscience are employed to design such polymer nanoparticles that 
can effectively and efficiently deliver the drug to the target site and increase the 
therapeutic effect.
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2.6  Lipid Nanoparticles

Structurally, lipids broadly consist of a nonpolar hydrophobic “chain” or “tail” 
region attached to the polar hydrophilic “head” region. Based on their structure, 
lipid-based nanoparticles can be classified into liposomes, lipid nano-emulsions 
(LNEs), solid lipid nanoparticles (SLPs), and nanostructured lipid carriers (NLCs). 
Liposomes are mainly composed of phospholipids arranged in bilayer structure to 
form “unilamellar vesicles” in the presence of water due to their amphipathic prop-
erties. These vesicles can be used to load drugs and carry them to the target area, 
thus improving drugs’ solubility and stability. They are capable of encapsulating 
either hydrophobic or hydrophilic drugs. LNEs consist of lipid droplets stabilized 
by surfactants/phospholipids to prevent them from aggregation and coalescence in 
an aqueous solution. LNEs are somewhat like liposomes except that the outer phos-
pholipid bilayer structure is absent, and instead, they exhibit a complex micelle-like 
structure of cationic lipids that encapsulate various oligonucleotides (like RNA and 
DNA). SLPs are a colloidal system made up of lipids that are solid at room tempera-
ture. The solid lipid forms a matrix material that acts as nanocarriers by encapsulat-
ing the drug and the matrix is stabilized by a mixture of surfactants or polymer. 
NLCs are the second generation of lipid-based nanocarriers developed from SLNs 
due to their limitations, such as lower drug loading efficiency and drug explosion 
due to its crystallization during storage. NLCs are formed by mixing solid and liq-
uid lipids such as glyceryl tricaprylate, ethyl oleate, isopropyl myristate, and glyc-
erol dioleate. Mixing solid lipids with small amounts of liquid lipids produces NLCs 
whose matrix is structurally rearranged concerning SLPs, which gives improved 
properties but at the same time maintains the benefits of SLPs [24].

2.7  Dendrimers

Dendrimers are polymerlike nanoparticles, but structurally they are different from 
PNPs. The word dendrimer is derived from the Greek word known as “dendron” 
whose literal meaning is “branching of a tree.” Dendrimers are nano-sized poly-
meric globular branched and symmetrical structures with a size that varies from 1 to 
15  nm [25]. Besides,  dendrimers have well-defined, homogenous, and mainly 
monodisperse structures containing treelike branching units growing around a small 
molecule or polymer core. These branching units can be functionalized with various 
functional groups (like COOH, COONa, NH2, or OH) that determine the physico-
chemical or biological properties of the dendrimers. Dendrimers have unique bio-
logical properties such as polyvalency, self-assembly, electronic interactions, 
chemical stability, low toxicity, and solubility, making them suitable for medical 
field applications, especially cancer treatment. Dendrimers can carry large amounts 
of drugs to a specific site and they can be considered as an architectural motif but 
not as  a chemical compound [26]. A variety of dendrimers exists, among which 
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PAMAM (polyamidoamine) are the most common class of dendrimers and also 
most employed ones, especially in biotechnological applications, although PPI 
(polypropylene imines) are the first dendrimers to be reported. Further,  they are 
biocompatible and non-immunogenic, making them a good candidate for drug 
delivery. PAMAM has the inner core made up of alkyl-diamine with tertiary amine 
branches surrounding the core.

3  Synthesis of Nanoparticles

With the development of nanotechnology, several synthetic routes have been devel-
oped to achieve desired physical and chemical properties in the fabricated nanoma-
terial. Broadly speaking, there are two synthetic approaches which are identified as 
(i) top-down approach (ii) bottom-up approach. Both approaches have their own 
advantages and disadvantages. The top-down approach (destructive approach) 
begins with a suitable bulk material (as starting material) and then trimming  down/
breaking down into smaller molecules, and then these smaller molecules are trans-
formed into desired nanoparticles. The bottom-up approach is the reverse of the 
top-down approach. In the bottom-up approach (constructive approach), nanoparti-
cles are first obtained at the atomic level by miniaturization of material and then by 
the integrating/self-assembly process, which leads to the formation of nanostruc-
tures. During self-assembly, the physical forces operating at nanoscales are used to 
combine the units: atom by atom, molecule by molecule, and/or cluster by cluster 
into larger stable nanostructures.

The basic synthetic methods involved in preparing nanomaterials are physical 
and chemical methods which are basically top-down and bottom-up approaches, 
respectively. There are also biological methods for synthesizing nanoparticles in 
which different microorganisms and plant parts are used to prepare nanomaterials. 
Each method has its own advantages and disadvantages and impacts various proper-
ties on the nanomaterial. The procedures used for the synthesis of nanoparticles 
have been discussed in detail. The methods of synthesis of nanoparticles are sum-
marized in Table 1.

3.1  Physical Methods

3.1.1  Pulse Laser Ablation

Pulse laser ablation is one of the simplest and most common synthetic techniques of 
nanoparticles from different solvents. The technique consists of a solid disc that 
rotates with a solution that is placed in a vacuum chamber. The disc is exposed to a 
high-power pulsed laser beam. The laser beam enters the chamber and hits the tar-
geted disc where the material is placed. The material, when exposed to such 
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Table 1 Classification, composition, methods of synthesis, and size of nanoparticles with their 
cancer theranostics applications

Classification Composition
Method of 
synthesis Size Applications References

Magnetic 
nanoparticles

Fe3O4, 𝛄-Fe2O3 Coprecipitation
Microemulsion
Hydrothermal
Thermal 
decomposition

1–100 nm MRI, 
hyperthermia 
therapy, MPI

[54–59]

Carbon- 
based 
nanoparticles

sp2-hybridized 
carbon atoms

Hydrothermal
Laser ablation
CVD

3–10 nm Targeted drug 
delivery, PDT, 
thermal therapy

[60–65]

Silica-based 
nanoparticles

Colloidal silica 
(silicon dioxide)

Microemulsion
Stober method

10–
500 nm

Fluorescence 
imaging, targeted 
drug delivery

[66–70]

Lipid-based 
nanoparticles

Cholesterol and 
glycerophospholipid

Microemulsion 50–
1000 nm

Functionalization 
of nanoparticles, 
targeted drug 
delivery

[71–73]

Polymer- 
based 
nanoparticles

Polymers in 
nanoscale

Microemulsion
Nanoprecipitation
Solvent 
evaporation

10–
1000 nm

Multimodal 
imaging, targeted 
drug delivery

[74–77]

Metal 
nanoparticles

Pure metal (e.g., 
gold, silver, 
platinum, zinc, iron) 
or their compounds 
(e.g., oxides, 
hydroxides, sulfides, 
chlorides)

Biological 
methods
Thermal 
decomposition
Coprecipitation
Hydrothermal
Sputtering

10–
100 nm

PDT, thermal 
therapy, targeted 
drug delivery, a 
contrast agent 
(PA imaging, 
MRI, 
fluorescence 
imaging)

[78–82]

high- power laser radiations, is converted to plasma to produce nanoparticles [27]. 
Many factors affect the final product, such as type of laser, number of pulses, puls-
ing time, and type of solvent. Stable nanoparticles are usually synthesized using 
pulse laser ablation techniques that do not require stabilizing agents or chemicals.

3.1.2  Electron Beam Lithography

Originally lithography has been utilized since the seventeenth century in the applica-
tion of ink printing. Lithography is the process of transferring a pattern from one 
media to another. In today’s era of nanotechnology and nanosciences, the technique 
and application of lithography are diversified toward the synthesis/fabrication of 
nanomaterials. The process of lithography involves patterning on a surface through 
the exposure of light, ions, and electrons, and subsequently, it etches or deposits the 
material on the surface to produce the pattern. There are different types of nanolithog-
raphy techniques such as optical, electron beam, multiphoton, nanoimprint, and 
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scanning probe lithography [28]. The main advantages of nanolithography are that it 
can produce a single nanoparticle to a cluster with desired shape and size and the 
disadvantages that it requires complex equipment which has a high cost with it [29].

Electron beam lithography came into the picture by the late 1960s by modifying 
the design of SEM. This lithographic technique has the capacity to create patterns 
at the nanoscale because of its very short wavelength and reasonable electron den-
sity characteristics. The process involves electron irradiation of a surface that is 
covered/coated with an electron-sensitive material (resist) by a focused electron 
beam. Due to the irradiation, energetic absorption in specific places leads to an 
intramolecular phenomenon. Electron beam lithography consists mainly of three 
steps: exposure of the sensitive materials, development of the resists, and pattern 
transfers. The working principle of electron beam lithography is quite simple. A 
focused beam of electrons is irradiated on a substrate covered by an electron- 
sensitive material that changes its solubility properties according to the energy 
impacted by the electron beam. A typical electron beam lithography system closely 
resembles an SEM. A typical electron beam lithography setup consists of a cham-
ber, electron gun, and column. Column and chamber are maintained in a high vac-
uum. The column contains electron-optical elements, which are used to create a 
beam of electrons and accelerate it, turn it on/off, and focus/deflect [30].

Electron beam resists are generally coated on the substrate to record an image of 
the pattern to be transferred. These resists are usually high molecular weight poly-
mers that are dissolved in a suitable liquid solvent. When a focused electron beam 
is irradiated on these polymers, they undergo structural changes. Polymethyl meth-
acrylate (PMMA) is the most commonly used electron resist. It is dissolved in sol-
vents like anisole and chlorobenzene of the desired concentration. This technique 
synthesizes AuNPs; for instance, Lennox et  al. prepared 2D patterned arrays of 
AuNPs by electron beam lithography [31].

3.1.3  High-Energy Ball Milling

High-energy ball milling is a solid processing technique used to synthesize nanopar-
ticles. It is an inexpensive method to get the nanoparticle from the bulk. The starting 
bulk material can be of any shape/size. There are many types of milling, such as 
planetary, vibratory, rod, tumbler, etc. In this process, the powder mixture of the 
material is placed in a ball mill and subjected to high-energy collisions from the 
balls by which a vast brute force is applied to the materials. The ball is placed in a 
container that is closed with tight lids. During the grinding process, it decreases the 
particle size and produces micro deformation in the crystal lattice of the ground 
materials. Usually, a ratio of 2:1 by mass of balls to the material is maintained. 
Sometimes the container is filled with inert gas to prevent it from air contamination 
[32]. Impurities from the balls may get added—the temperature rises during the col-
lision for which cryo-cooling is used to dissipate the heat generated. During milling, 
liquids are also used. Sometimes more than one container is used at a time to 
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prepare large amounts of fine particles. The balls are made up of hardened steel or 
tungsten carbide.

The mechanical limitation of this process is that ultrafine particles are either dif-
ficult to produce or take a long time. However, the simple operation, low cost, and 
large-scale production of nanoparticles are the main advantages of high-energy ball 
milling. The final product from this process depends on factors like the type of mill, 
milling speed, milling time, container, temperature, atmosphere, size and size distri-
bution of the grinding material, process control agent, extent of filling of the con-
tainer, and ratio by mass of ball to the material.

3.2  Chemical Methods

3.2.1  Coprecipitation Method

Coprecipitation is a very convenient method for synthesizing various  nanoparti-
cles  such as, iron oxide nanoparticles. The coprecipitation method involves the 
simultaneous occurrence of conversion of the reactant into solution in their insolu-
ble form followed by nucleation and growth [33]. The precipitation of a crystalline 
solid occurs in three steps: supersaturation, nucleation, and growth. During super-
saturation, the system is unstable, and the precipitation of the product pieces occurs 
due to any small perturbation. Supersaturation is reached by various physical means 
like changing temperature or solvent evaporation, etc., and chemical means like the 
addition of acid, base, etc. These supersaturation conditions are necessary for induc-
ing precipitation. Nucleation is the crucial step that involves the formation of small 
elementary particles of a new phase that are stable under precipitation conditions. 
Nucleation is followed by growth or agglomeration of the particle where crystal 
growth occurs, which affects the size, morphology, purity, and properties of the 
products. If the rate of nucleation is much higher than the rate of crystal growth, a 
large number of small particles will be formed, which leads to the formation of an 
amorphous precipitate. These techniques mostly prepare hydroxide and carbonate 
due to low solubility [34].

MNPs can be conveniently prepared by the coprecipitation method. Massant in 
1981 reported the synthesis of MNP in acid and alkaline media. Since then, it is still 
used to prepare MNPs like iron oxide. In this technique, an aqueous solution of fer-
ric and ferrous (Fe3+ & Fe2+) ions is reduced by a basic solution at a temperature 
below 100  °C to form a precipitate. The advantages of coprecipitation are high 
yield, high product purity, organic solvent not used, and low cost [33].
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3.2.2  Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a powerful technique for producing high- 
quality, high-performance solid materials by a chemical reaction in the vapor phase. 
In a typical CVD method, the heated substrate (wafer) is exposed to one or more 
volatile precursors, which decompose on it, followed by deposition of a thin film on 
the substrate. This deposition is carried out in a reaction chamber. The vaporized 
precursor, along with combining gas, is transported in a CVD reactor where the 
substrate is kept at a high temperature. The reactant diffuses to the surface of the 
substrate and undergoes some chemical reaction, nucleates, and grows to form a 
thin film of the desired material. The by-product formed during the chemical reac-
tion is removed by gas flow through the reactor [35]. It is widely used in the industry 
for producing thin-film semiconductors. There are many types of CVD like metallo- 
organic CVD (MOCVD), atomic layer epitaxy (ALE), vapor phase epitaxy (VPE), 
plasma-enhanced CVD (PECVD), etc. The advantage of CVD is that highly pure 
potent, and this technique can produce hard nanoparticles. The disadvantages of this 
technique are that it requires specialized equipment and the gaseous by-products 
formed are highly toxic and corrosive. A typical CVD system consists of a gas 
delivery system, a reaction chamber, a vacuum system, an energy system, an exhaust 
gas treatment system, and an automatic control system [36].

3.2.3  Microemulsion

The emulsion is the liquid-liquid dispersion of two immiscible liquids. They are 
mixed by mechanical shear and surfactant. The particle grows continuously with 
time, and hence it gets separated by gravitational forces. Thus, emulsions are ther-
modynamically unstable. Depending on the size of the droplet, emulsions are cate-
gorized as macro-emulsions, mini-emulsions, and microemulsions. Microemulsions 
(as defined by IUPAC) are dispersions made of water, oil, and surfactant that are 
isotropic and thermodynamically stable with dispersion droplets of size 1–100 nm 
(approximately). The microemulsion method is one of the low-temperature routes 
for the synthesis of nanoparticles. J.H Schulman first coined it in 1959 [37]. The 
microemulsion synthesis method is widely used for synthesis in inorganic nanopar-
ticles. Nanoparticles can be produced in a controlled manner through the use of 
microemulsions, which are self-aggregated colloidal systems. Thus, in this method, 
control over the shape, size, and morphology of metallic nanoparticles is achieved 
by which we get different shapes and sizes of nanoparticles by just controlling the 
reaction time, temperature, and other reaction conditions.

When water and oil are mixed, they get separated into two phases due to the 
interfacial tension between them. This interfacial tension can be avoided by using a 
surfactant as it has hydrophilic and lipophilic groups that get aligned at the interface 
of water and oil, thus establishing an interaction between water and oil. There are 
various categories of microemulsion, like water in oil (W/O) microemulsion where 
water is dispersed in oil and oil in water (O/W) microemulsion where oil is 
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dispersed in water. Water in supercritical CO2 microemulsion is also a kind of 
microemulsion that was recently developed. Among them, W/O microemulsion is 
essential as it is used to synthesize inorganic nanoparticles. They are usually called 
reverse micelles. This reverse micelle acts as nanoreactors. Preparation of metallic 
nanoparticles in W/O microemulsion usually involves mixing of two microemul-
sions containing metal salt and a reducing agent, respectively. On mixing the micro-
emulsions, Brownian motion is formed, which results in the collision of reverse 
micelles. During this collision, an exchange of reaction occurs between two reverse 
micelles (nanoreactors). After a successful collision, intermicellar exchange of 
reactant takes place, and thus nucleation starts with a good growth process around 
the nucleation point [38]. Thus, a good collision is essential for coalescence, mixing 
of reaction, nucleation, and growth of nanoparticles. Therefore, factors controlling 
the structure and dynamics of these nanoreactors can be easily manipulated to con-
trol the nanoparticles’ morphology, size, shape, and composition. Surfactants stabi-
lize these particles and prevent them from growing.

3.2.4  Hydrothermal Method

In the solvothermal process, the chemical reaction occurs in a sealed vessel (known 
as autoclave) where the temperature is above the boiling point of the solvents used 
during the chemical reaction. If the solvent used is water, then the process is called 
the hydrothermal process. In the past, the hydrothermal method was used to study 
the formation of rocks and minerals. The hydrothermal process was utilized in crys-
tal formation and growth, and in today’s era of nanotechnology and nanoscience, it 
has been used to prepare various NPs. Its simple synthetic process, low cost, effec-
tive crystal growth, and convenient operation from solution make it a convenient 
method for producing nanostructure. Hydrothermal is a subset of solvothermal 
methods, which has the advantage of being safe and environmentally friendly 
because it involves water as a solvent for crystal growth instead of organic sol-
vents [39].

Basically, in hydrothermal processes, the species which are poorly or insoluble 
under normal conditions are dissolved and recrystallized under high temperature 
and high pressure. The primary step in the hydrothermal process is crystalline 
growth which can be achieved by the following steps:

 1. The reactants are first dissolved in the hydrothermal medium to form ions.
 2. Due to the temperature difference in the upper and lower region in an autoclave, 

the ions are separated. These ions are transported to the low-temperature region, 
where seed crystals are grown to form a supersaturated solution.

 3. Finally, crystal growth occurs, and thus crystallization occurs. The morphology 
of the crystals grown in this process depends on the growth conditions. This 
process allows the size, shape, and crystallization control by altering some 
parameters like growth temperature, reaction time, a precursor used, etc.
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Water has a very crucial role in the hydrothermal process. As we know, water’s 
viscosity and surface tension decrease with increases in temperature. Therefore, in 
a hydrothermal system, the viscosity of water decreases, and the mobility of ions 
increases, and also, due to an increase in vapor pressure in the hydrothermal system, 
the mobility of ions increases which accelerates the reaction by the increase in the 
number of collisions. Therefore, collectively all these phenomena favor the growth 
of crystals [40].

A wide variety of nanomaterials have been fabricated by this hydrothermal tech-
nique using the microwave, mechanical mixing, and electric field to enhance the 
productivity and efficiency of the process. However, the microwave based hydro-
thermal mechanism has been gathering more attention by researchers in recent years.

3.2.5  Thermal Decomposition

Thermal decomposition is chemical deposition that is caused by heat. The endother-
mic reaction breaks the chemical bonds and splits them into smaller ones. Each 
element has a specific temperature at which it decomposes. The nanoparticles are 
produced by decomposing the metals at that specific temperature [34]. Thermal 
decomposition is a unique way to synthesize monodispersed metalic nanoparticles. 
The size and shape can easily be controlled by manipulating various factors like 
concentration and type of reactant/precursor, stabilizing/capping agents, tempera-
ture, duration of reaction, etc.

Coordinate compounds like  organometallic  precursors  are commonly used  in  
thermal decomposition  method as they give high-quality monodispersed metalic 
nanoparticles. Thermal decomposition of coordinate compounds carried out in pres-
ence of stabilizing agents and reducing agents to  reduce the metallic ions of the 
coordination compounds. Generally, surfactants are used as stabilizing agents to 
stabilize the nanoparticles formed by reducing agents. They are also called capping 
agents. During thermal decomposition, the reduced species are treated with these 
capping agents at a particular temperature. Some other examples of capping agents 
are thiols, carboxylic acids, amines, etc. The suitable temperature at which thermal 
decomposition will occur is dependent on the nature of metal ions and ligands in the 
coordination compounds. After thermal decomposition, the product is dissolved in 
polar/nonpolar solvents like ethanol, hexane, toluene and deionized water. Then, the 
whole solution is centrifuged to separate the colloidal nanoparticles. It is redis-
persed in a polar/nonpolar solvents  and washed  for several times to purify the 
nanoparticle. Finally, the nanoparticles are dried after washing [41].
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3.3  Biological Methods/Green Synthesis Methods

The biological methods for the synthesis of nanoparticles involve plant extracts and 
microorganisms. Plants, bacteria, fungi, yeast, algae, and viruses have been used to 
produce low-cost, energy-efficient, nontoxic metallic nanoparticles by various 
promising biological approaches [42]. Unlike chemical methods, it does not involve 
toxic chemicals; instead, it is a commonly used green approach for synthesizing 
nanoparticles as it is cheap, eco-friendly, and can be scaled up to a large scale. It 
does not involve harsh conditions like high temperatures, high pressure, and very 
sophisticated and high-cost instruments. Actually, the biological method of synthe-
sis results from the overlap of nanotechnology and biotechnology. Scientists and 
researchers are increasingly showing  interest in this nanoparticle synthesis tech-
nique because of its economic viability and ecofriendliness. It is easier to tailor the 
size, shape, and morphology by just modifying the culture conditions like pH, tem-
perature, and nutrients. Biological species and inorganic materials have a particular 
interaction from the origin of life. These regular interactions have sustained life on 
this planet. Researchers have utilized these unique interactions to synthesize 
nanoparticles from biological entities like plant extracts and microorganisms. They 
used plant extracts and microorganisms as bio-reductants to reduce metal ions to 
produce nanoparticles and also as stabilizing agents without using any other addi-
tional agents [43].

3.3.1  By Plants

In recent years, phyto-nanotechnology has emerged as a new field to synthesize 
nanoparticles and apply nanotechnology in the plant system. Due to such increased 
attention, plants and their extracts have been exploited to synthesize nanoparticles. 
Different types of plants and their various parts, such as leaf, stem, bark, fruit, etc., 
have been used to synthesize nanoparticles because of their excellent phytochemical 
contents it has [44]. Therefore, plants are righteously called chemical factories of 
nature. These phytocompounds extracted from plants, namely, terpenoids, alka-
loids, flavonoids, steroids, phenols, and enzymes, play an essential role in synthe-
sizing nanoparticles as they act as both bio-reductant and  stabilizing agents. 
Biomolecules extracted from plants reduce metal in a single step. This reduction 
can be easily conducted at room temperature and pressure, which can be easily 
scaled up [45]. Many nanoparticles like silver gold, palladium, platinum, ZnO, 
TiO2, etc. are synthesized by the plat extract-mediated process [46–49].
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3.3.2  By Microorganisms

As we all know, microorganisms are used in the bioremediation of toxic metals by 
reducing them. In recent years microorganisms have been used for the biosynthesis 
of nanoparticles by reducing metal ions. Microorganisms have the potential to syn-
thesize nanoparticles as it is cost-effective, eco-friendly, and avoids the use of toxic 
chemical and energy-intensive procedures. Microorganisms are considered nano- 
factories as they have a variety of enzymes that have the capability to accumulate 
and detoxify heavy metals. This enzyme also has the capability of reducing metal 
salts to produce nanoparticles. Various microorganisms such as yeast, bacteria, and 
fungi have been discovered to synthesize nanoparticles. Various biochemicals from 
microorganisms like proteins, cofactors, enzymes, etc. play vital roles in the synthe-
sis of nanoparticles as reducing/capping agents. The mechanism of biosynthesis of 
nanoparticles by microorganisms involves grabbing target ions from the solution 
and accumulating the reduced metals in their element form by using enzymes pro-
duced by the microorganisms [Table 1]. The mechanism can be classified (accord-
ing to the place of formation of nanoparticles) into intracellular and extracellular types. 
In intracellular, the ions are transported into the microorganisms to form nanopar-
ticles in the presence of enzymes. The extracellular involves trapping metal ions on 
the surface of the cell and reducing it in the presence of enzymes [50]. Many micro-
organisms can produce inorganic nanoparticles. Various nanoparticles like gold, 
silver, ZnO, and CdS have been produced via biological methods using microorgan-
isms [51–53].

4  Nanoparticles in Cancer Theranostics

4.1  Nanoparticle-Based Cancer Imaging

Early detection of cancer is necessary for its effective treatment. Different imaging 
techniques have been employed to precisely detect and locate tumors. Nanoparticles 
have been utilized for tumor imaging in various modalities such as magnetic reso-
nance imaging (MRI), magnetic particle imaging (MPI), fluorescence imaging/opti-
cal imaging, photoacoustic imaging, and positron emission tomography (PET). An 
overview of some of the imaging methods is summarized in Table 2.

4.1.1  Magnetic Resonance Imaging

The human body contains 1H nuclei, which spin about their axis with no net magne-
tization due to their random orientation. Under being influenced by a strong mag-
netic field (B), their spins get aligned along the applied external magnetic field, 
developing a net magnetic moment (M) while still precising about B. The frequency 
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Table 2 Overview of commonly used clinical imaging techniques

Imaging method Advantages Disadvantages
Nanoparticle contrast 
agents References

Magnetic 
resonance 
imaging (MRI)

(i) High spatial 
resolution (10–500 
micrometers)
(ii) unlimited 
penetration depth

(i) Low sensitivity 
to contrast agents
(ii) high costs
Time intensive

(i) Gadolinium- 
containing probes
(ii) 
superparamagnetic 
iron oxide 
nanoparticles
(iii) paramagnetic 
liposomes and 
polymers

[129–132]

Magnetic 
particle imaging 
(MPI)

(i) Enables the scan 
to be read with 
ease.
(ii) Relative lost 
imaging method.

(i) Limited ability 
to target the tumor 
and control the 
exposure.
(ii) Limited 
penetration depth.

(i) Gadolinium 
nanoparticles.
(ii) Iron oxide 
nanoparticles.

[92, 133, 
134]

Computed 
tomography 
(CT)

(i) High resolution 
(20–200 
micrometers)
(ii) Unlimited 
penetration depth
(iii) Fast
(iv) Low costs

(i) Low sensitivity 
to contrasting 
agents
(ii) insufficient soft 
tissue contrast 
without injection 
of contrast agents

(i) Barium-based 
nanoparticles
(ii) Gold-based 
nanoparticles
(iii) Bismuth 
nanoparticles

[135–137]

Ultrasound (i) High temporal 
and spatial 
resolution (50–100 
micrometers)
(ii) Rapidly 
operable
(iii) Real-time 
imaging
(iv) Low costs

Not appropriate for 
whole-body 
imaging

(i) Nanobubbles
(ii) gas-filled 
microbubbles

[138–140]

Fluorescence 
imaging (FI)/
optical imaging

(i) High sensitivity 
for contrast agents
(ii) Low costs

Low penetration 
depths

(i) Quantum dots
(ii) Fluorescent 
nanoparticle probes

[141, 142]

Photoacoustic 
imaging (PAI)

(i) High sensitivity
(ii) real-time 
imaging
(iii) low costs

(i) Limited 
penetration depth
(ii) relatively low 
specificity to 
contrast agents

(i) Gold 
nanoparticles, gold
Nanorods
(ii) carbon nanotubes
(iii) fluorescent/
dye-loaded 
nanoparticles

[120, 122, 
143–145]

(continued)

Theranostic Nanoparticles in Cancer Diagnosis and Treatment



198

of precession is quantified by the Larmor equation as ω = γB, where γ the propor-
tionality constant is element-specific. On application of radio wave pulse having a 
frequency (RF) equal to the precession frequency perpendicular to the direction of 
B, the 1H nuclei (proton) absorb energy (resonance) and spin out of equilibrium, 
causing it to flip against the direction of the magnetic field [83]. With the removal 
of the RF pulse, the phase coherence of the exciting spinning proton ceases to exist. 
The precessing proton releases energy to attain its equilibrium state through decay 
in magnetization leading to the proton realigning with B. The energy released dur-
ing the relaxation process of subsequent echo (gradient or spin echo) of the original 
RF signal is detected by the receiver coils, which are then processed through com-
putation to obtain the final image. The relaxation process for the proton is of par-
ticular interest as it affects the contrast of the image produced during  magnetic 
resonance imaging (MRI). This relaxation process proceeds through two concur-
rently occurring independent ways:

 1. T1 (spin-lattice relaxation).
 2. T2 (spin-spin relaxation).

T1 relaxation (or spin-lattice relaxation), in simple terms, is the dissipation of 
energy of the spins with lattice (or the surrounding environment), which may 
include neighbouring molecules, spins from other 1H atoms, and solvent molecules 
[84]. It is the time taken to recover magnetization along the longitudinal axis (paral-
lel to the external magnetic field) to 63% of preexcited net magnetization.

T2 (spin-spin) relaxation is when the transverse component of magnetization has 
37% of its exciting level magnetization. It may also be expressed as the time required 
for the axial spin to return to its resting state. Due to factors such as field inhomoge-
neity and local field distortions due to molecular interactions (after the removal of 
the RF pulse), not all nuclei precess have the same frequency (Larmor frequency); 
instead, there are some minor differences (both positive and negative) in their fre-
quency, which leads to nonuniformity in nuclear dipoles that ultimately leads to the 
energy being distributed through spin-spin interaction.

Table 2 (continued)

Imaging method Advantages Disadvantages
Nanoparticle contrast 
agents References

Positron 
emission 
tomography 
(PET)

(i) Unlimited tissue 
bed penetration.
(ii) Used for 
whole-body 
imaging.
(iii) Detailed 
anatomical 
information can be 
obtained when 
combined with CT 
or MRI.

(i) Exposure to 
radiation.
(ii) Low spatial 
resolution.
(iii) Expensive.

(i) Carbon-based 
nanoparticles.
(ii) 18F particles
(iii) 64Cu particles.

[146–148]

D. Maity et al.



199

Fig. 2 T1- vs. T2-weighted transverse image of a mice tail vein injected with PEG-stabilized 
spherical Fe3O4/MnO contrast agent [91]. Copyright 2019, American Chemical Society

MRI intensity depends upon local proton density and rate of relaxation; however, 
the diagnosis that requires better imaging of organs is not possible through intrinsic 
contrast of MRI (as the signal to noise ratio (SNR) of the images is comparatively 
low) [85]. Moreover, contrast of the images obtained does not help to identify the 
stages of the tumor or differentiate between diseased and normal tissues. This is 
where contrast agents are required due the fact that the local environment affects 
image quality by exploiting the magnetic behavior of the MNPs. Hence, it is possi-
ble to achieve better imaging capabilities by alternating magnetic fields (AMFs) and 
enhancing the rate of the relaxation process. Further, MRI contrast agents enhance 
the relaxation process and reduce the relaxation time (T1, T2) for the protons. It is 
to be noted that though the contrast agents may be labeled as T1 or T2 contrast 
agents, this nomenclature does not accurately depict its mode of action as T1 agents 
do impact both T1 and T2 relaxation times. However, their effect on T1 relaxation 
is greater than on T2 relaxation; likewise, SPIONs (generally considered a T2 con-
trast agent) impacts T1 relaxation [86].

The characteristic visual difference between the images obtained using T1 and 
T2 agents is that T1 agents provide positive contrast (bright images), whereas T2 
agents result negative contrast in MR images. For example, T1- and T2-weighted 
transverse images are recorded after injecting PEG-stabilized spherical Fe3O4/MnO 
contrast agent into a BALB/c mice tail vein (Fig. 2). The most extensively utilized 
T1 agents are Gd3+ chelates (e.g., Gd-DTPA) though Mn2+ and Fe3+ nanoparticles 
can also be used [87]. Several studies have been reported using ultrasmall super-
paramagnetic iron oxide nanoparticles as T1 contrast agents [88]. Relaxivity is an 
important measure to quantify the change in the relaxation time (T1 or T2) that 
contrast agents can bring to the inherent relaxation times, referred to as longitudinal 
relaxivity (r1) and transversal relaxivity (r2). The following equation relates the 
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relaxation time (T) to the concentration of the contrast agent (C), its relaxivity (r), 
and inherent relaxation time (T0):

 

1 1

0T T
r C= + [ ]

 

Understanding the factors responsible for impacting relaxation time is instru-
mental to designing contrast agents that have better sensitivity and significantly that 
help in selecting the requisite coating materials or conjugates that, besides allowing 
targeted imaging, aids in enhancing the relaxivity of contrast agents. This interac-
tion between the contrast agents and the surrounding environment is complex. In 
contrast, the properties of T1 contrast agents (generally paramagnetic cores Gd3+, 
Mn2+) are impacted by dipole-dipole interaction of core and the H nuclei; for the T2 
contrast agent, magnetic inhomogeneity plays the pivotal role, which in turn depends 
on several factors such as the saturation magnetization of the contrast agent, coat-
ing, and the size/radius of MNP [89]. For paramagnetic contrast agents (generally 
T1), relaxivity also depends on external factors such as temperature and applied 
magnetic field [90].

4.1.2  Magnetic Particle Imaging

Magnetic particle imaging (MPI) is a tracer imaging modality that can be used to 
image tissues in vivo based on the spatial distribution of the administered SPIO 
nanoparticles. A strong magnetic field nonlinearly magnetizes the tracers during 
imaging against a background of linearly magnetized tissues. In the imaging field of 
view, SPIONs tracers are saturated by a strong magnetic field gradient, and the 
unsaturated tracers remain in the vicinity of the field-free region (FFR). On applica-
tion of an additional time-dependent homogeneous field to the imaging field of 
view, the particles in the FFR flip induce a signal in the receiver coil. The MPI signal 
detected is majorly contributed by the tracers at the FFR, allowing MPI spatial 
encoding [92]. MPI-tailored particles exhibit excellent spatial and temporal resolu-
tion, better circulation time, and higher SNR. There is no signal from background 
tissue in MPI, giving higher contrast. The images obtained using MPI may be used 
in conjugation with MRI for better diagnosis. SPIONs have been utilized for MPI 
imaging in vivo, which allows real-time imaging capability. The images obtained 
had a high spatial resolution, better sensitivity, and specificity [93].

4.1.3  Fluorescence Imaging/Optical Imaging

Optical imaging has been one of the most researched modalities for bioimaging. It 
allows real-time imaging capabilities. Due to their faster imaging capability, low 
cost, and non-usage of ionizing radiations, they have been studied as potential 
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candidates for cancer imaging. Fluorescence imaging quality is mainly dependent 
on factors such as tissue absorption, scattering, reflection, and autofluorescence 
[94]. This section will discuss the various types of fluorescence imaging methods 
that are currently under investigation at different stages of their development and 
those that are being utilized for in vivo/in vitro imaging applications.

 (a) Up-Conversion and Down-Conversion Nanoparticles.
The conventional fluorophores suffer from some inherent limitations, such as 

lower differences in the absorption wavelength and the emission wavelength, mak-
ing it difficult for the useful signal to be identified; this hinders imaging sensitivity. 
This causes great difficulty in differentiating the fluorescence signals of the fluoro-
phores. Compared to conventional absorption of multiphoton, the conversion pro-
cess in up-conversion nanoparticles (UCNPs) and down-conversion nanoparticles 
(DCNPs) is stepwise, occurring through the real electronic state as adjacent energy 
levels are very close, so they have better efficiency. These also have better tunability 
in emission wavelength and can be tuned for the required wavelength to help in 
imaging deeper tissues [95].

UCNPs are a special class of nanomaterials that can absorb multiple low-energy 
incident photons (having large wavelength), which causes it to attain an excited 
state during the transition from the excited state to a stable state; they emit high- 
energy photons at shorter wavelength, a phenomenon known as the anti-Stokes 
shift. UCNPs have unique characteristics such as a larger anti-Stokes shift and a 
larger emission range. These have negligible photobleaching, higher stability, and a 
longer lifetime [96]. Lanthanide-doped UCNPs have been extensively reported in 
the literature. It may be composed of a sensitizer part (usually Yb3+ is used), an 
emitter (Tm3+, Ho3+ may be used), and a host matrix (NaYbF4, GdVO4, Er3+, Yb3+ 
may be used) [97]. Deep tissue imaging is possible using UCNPs in the NIR range. 
Cyanine-modified UCNPs have also been reported for use as in vivo molecule mon-
itoring with high sensitivity [98].

On the other hand, DCNP attains an excited state by absorbing high-energy 
shorter wavelength photons and emitting a long-wavelength photon. Both the con-
version processes are nonlinear optical processes. QDs and fluorescent dyes are 
examples of DCNP.  DCNPs have higher quantum yield and SNR.  Gold-based 
nanogapped nanorod DCNP-based fluorescence along with PAI has been used in 
multimodal imaging to precisely trace drug release and image tumors [99].

 (b) Fluorescence Probe-Based Nanoparticles.
These nanoparticles may be broadly classified as organic or inorganic molecules. 

Inorganic molecules mainly are the quantum dots and other fluorescent nanostruc-
tures (such as gold nanorods and SWCNTs). The fluorescence probe being used 
must have the following desirable properties: water solubility, strong fluorescence 
signal, higher quantum yields, chemical stability in various microenvironment con-
ditions, and high contrast ability [100]. Various types of organic dyes have been 
studied for use in imaging and image-guided therapy, such as cyanines, methylene 
blue, squaraine, and porphyrin have been reported [101]. The fluorescence in these 
dyes is observed as electrons in their molecule transition from the excited state 
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caused by absorption of incident radiation (UV/visible or infrared range) to a lower 
energy state during which photons are emitted, leading to fluorescence. Indocyanine 
green (ICG), an FDA-approved tricarbocyanine dye, has been used to show the 
efficacy of dyes in tumor imaging [102]. Though dyes such as ICG have been uti-
lized for several decades and have a proven record of their safety, their specificity in 
imaging cancer is not very encouraging. For example, studies using ICG dye for 
tumor imaging did allow imaging of the tumors in vivo, but several studies have also 
pointed out that ICG-based probes nonspecifically accumulate in the liver [103]. 
This lowers imaging efficiency in such probes. Methylene blue in the NIR has also 
been utilized to image breast tissue and identify tumors with acceptable sensitiv-
ity [104].

Inorganic nanoparticles and nanohybrids have also been researched for applica-
tion in bioimaging [105]. In the case of metallic nanoparticles, the phenomenon of 
surface plasmon resonance is observed, which is caused when the light of a certain 
wavelength is incident on the surface of metallic nanoparticles, causing resonance 
oscillation of the free conduction electrons imparting it with unique optical proper-
ties. The utility of gold nanoparticles (AuNPs) has been studied for passively and 
actively tumors targeting and their bioimaging in vivo [106, 107]. The excellent 
chemical stability of AuNPs makes it one of the most suited for bioimaging applica-
tions. Novel NIR silica nanoparticle for imaging has also been prepared. It is based 
on the fluorescence resonance energy transfer principle and has shown to have a 
significant Stokes shift [108]. Calcium phosphate nanoparticle as an encapsulation 
of ICG has also been used for in vivo imaging of breast cancer. This has shown to 
be nontoxic and has better sensitivity to ICG alone [109, 110]. CNTs with surface- 
modified ligands have also been utilized to image tumors in vivo [111].

Conventionally the fluorescence probes have been irradiated with visible or UV 
radiation for imaging. However, recently, during the last few decades, studies utiliz-
ing the near-infrared (NIR) window for optical imaging applications have been 
reported and have shown to have significant advantages. Fluorescence in the NIR 
range has garnered significant interest in optical imaging, the reason being that the 
radiation’s wavelength in range (900–1700  nm) has shown to have minimum 
absorption by tissues and their constituent organic components, owing to which 
there is reduced photon scattering and tissue autofluorescence, the background 
noise is reduced. Imaging properties are significantly enhanced, enabling deeper 
tissue imaging [112]. Different nanohybrids, QDs, and customized organic dyes 
have been studied, having peak emission in the NIR range.

 (c) Quantum Dots.
These are nanocrystalline semiconductors and are engineered to exhibit the 

required properties. On being exposed to external excitation wavelengths, they emit 
fluorescence most commonly in the NIR region. The emission of light in quantum 
dots is due to a phenomenon known as “quantum confinement,” which is observed 
when quantum dots are smaller than their exciton Bohr radius. Compared to organic 
dyes and other fluorescent probes, QDs have certain advantages such as better, 
brighter fluorescence emission compared to dyes, better stability, and minimal 
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Fig. 3 Fluorescence imaging using graphene quantum dots in mice images at intervals of 1 s, 30 s, 
60 s, 10 min, 30 min, and 120 min [119]. Copyright 2019, Elsevier

photobleaching [113]. The fluorescence properties of quantum dots are highly tun-
able as they depend on their morphology and composition; this provides excellent 
opportunities in obtaining customized fluorescence based on the specific imaging 
requirements [114].

The imaging properties of QDs can be further enhanced by improving their effi-
ciency; studies have been conducted using QDs conjugated with antibodies, ligands, 
and peptides that are sensitive to cancer-related biomarkers. This helps in specifi-
cally targeting tumor tissues [115]. CdSe QDs have been extensively studied for 
in vivo imaging of tumors in mice. While QDs provide excellent imaging and char-
acteristics compared to conventional fluorescence probes such as organic dyes, they 
have some limitations of their own. Heavy metal-based QDs such as CdSe, when 
being utilized for imaging, are coated with polymers such as PEG (polyethylene 
glycol), which makes them quite versatile and nontoxic, but if this external coating 
is disturbed, then in such scenario, the toxic metallic core may be toxic to cells. The 
hybrid fluorochrome-QD conjugate may also be used with lower cytotoxicity than 
Cd [116]. Other metallic QDs such as AgInS2 and ZnS-AgInS2 have lower cytotoxic-
ity and similar imaging capabilities to Cd-based QDs [117]. Graphene quantum dots 
have also been investigated in bioimaging; they have lower toxicity when compared 
to Cd-based QDs and have excellent photostability [118]. Fluorescence imaging (FI) 
using graphene quantum dots dual-doped with both nitrogen and boron in mice 
images at intervals of 1 s, 30s, 60s, 10 min, 30 min, and 120 min is shown in Fig. 3.
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Fig. 4 PAI of tumor in mice 0  h, 6  h, and 12  h after injecting IR783-conjugated chitosan- 
polypyrrole nanocomposites [126]. Copyright 2021, Springer Nature

4.1.4  Photoacoustic Imaging

Photoacoustic imaging (PAI) is an emerging imaging modality based on converting 
electromagnetic energy into thermal energy, which generates acoustic pressure 
waves used to obtain the final image. In this imaging method, tissues that have to be 
imaged are irradiated with an ultrashort pulsed laser which is absorbed by the tissue, 
converting light to heat. This results in the generation of an ultrasound wave due to 
optical absorption and rapid thermal (or thermoelastic) expansion of the tissue. 
Transducers are used to detect these pressure waves, and an image can be formed 
based on the contrast due to differences in absorption properties of the tissue com-
ponents. This hybrid method provides better imaging of deeper tissues while utiliz-
ing conventional optical imaging techniques associated with ultrasound [120].

Nanoparticle-based exogenous contrast agents have also been studied in the lab, 
which has been shown to improve image resolution. AuNPs and SWCNTs are some 
of the nanomaterials that have already been investigated and have shown promising 
results [121, 122]. Yamada et al. studied the imaging effectiveness of a conjugate 
nanoparticle using poly(2- methacryloyloxyethylphosphorylcholine) and 800RS (a 
hydrophilic, NIR cyanine dye) as a contrast agent in photoacoustic imaging. The 3D 
images obtained were high quality, better contrast, and high SNR [123]. Gold 
nanorods coated with silica have also been used for PAI [124]. Methylene blue is 
also a contrast agent that may be used in PAI, which acts as a hypoxia sensor [125]. 
Hypoxia is a characteristic of the tumor microenvironment. PA imaging of tumor in 
mice at 0 hrs, 6 hrs, and 12 hrs after injecting IR783-conjugated chitosan- polypyrrole 
nanocomposites is determined as shown in Fig. 4.

4.1.5  Positron Emission Tomography (PET)

Positron emission tomography (PET) is a noninvasive, real-time imaging method 
that utilizes ionizing radiation for bioimaging. It utilizes the nuclear phenomenon of 
the spontaneous emission of positron emission in radionuclides such as F-18 and 
carbon-11. Positrons are antimatter to electrons and are similar to electrons, with 
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the difference being that they carry a positive charge. On being injected into a tissue 
sample for imaging, the radionuclide undergoes spontaneous decay emitting posi-
tron, which encounters an electron in the nearby microenvironment; this leads to the 
annihilation of the electron and the positron leading to the emission of gamma radi-
ations. The gamma wave detectors receive these gamma radiations, providing sig-
nals that are then processed to achieve a detailed image of the tissue sample under 
consideration [127].

These radionuclides may be doped into nanoparticles which can be made sensi-
tive to the microenvironment and utilize cancer biomarkers to obtain a targeted 
image of the tumor. PET radiotracers are of different types for imaging tumors as it 
targets specific cellular events or microenvironments. For example, fluorodeoxyglu-
cose may be utilized to evaluate the cellular glucose metabolism; to evaluate hypoxia 
microenvironment, 18F-fluoromisonidazole may be used; likewise, to measure cell 
proliferation, 18F-fluorothymidine may be used [128]. PET provides the ability to 
evaluate biochemical events in real time with high sensitivity. There is no tissue 
penetration difficulty and no autofluorescence, but the preparation of the radiotrac-
ers is expensive and time-consuming; this makes the PET method unsuitable as a 
stand-alone method for bioimaging and is therefore generally used after screening 
is done using cheaper imaging modalities such as MRI, CT, and optical imaging. All 
the imaging techniques depicted above are shown in Table 2.

4.2  Nanoparticle-Based Cancer Therapy

Nanoparticle-based cancer therapy can be performed by various methods like che-
motherapy, magnetic hyperthermia, photothermal therapy, and photodynamic ther-
apy. These different methods of therapy are described in the section below.

4.2.1  Chemotherapy

From the term chemotherapy (CMT) itself, one can decipher that it implies cancer 
treatment, yet its authentic and historical significance was broader. The term was 
authored in the early part of the 1900s by Paul Ehrlich [149]. Arsphenamine, the 
first modern chemotherapeutic agent, used to treat syphilis, is an arsenic compound 
discovered in the year 1907 [149]. This was subsequently trailed by sulfonamides 
(sulfa drugs) and penicillin. In today’s usage, the sense “any treatment of disease 
with drugs” is often expressed with the word pharmacotherapy [149]. CMT is an 
immensely beneficial therapy in the continuous fight against cancer and is regularly 
utilized related to different medicines. It plays a vital role in bringing down the 
diseased cells in the body, thereby reducing the probability of spreading cancer and 
reducing side effect [150]. For instance, in malignant testicular growth, 70% of 
patients are cured by initial CMT treatment. For patients that experience a recur-
rence of cancer following CMT treatments, evidence shows that retreating with the 
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CMT regimen followed by a stem cell transplant is effective on over half of the 
remaining 30% [150].

From various researches, it is evident that CMT in conjunction with surgery is 
used in routine to treat colon and rectal cancers [149]. Scientists are creating novel 
therapeutics with nanomaterials that have novel properties to be utilized in clinical 
science. Being smaller in size, nanoparticles help to encapsulate drug compounds. 
The nanoparticles’ energy assimilation and reradiation properties permit them to 
develop further laser and hyperthermia applications, which disturb the diseased tis-
sue [150]. Treatments of cancer are as of now restricted to surgery, radiation, and 
CMT. Each of the three strategies can harm the tissues, which leads to the incom-
plete treatment of cancer. Nanotechnology provides the necessary resources to tar-
get CMT straightforwardly and specifically to dangerous cells, thereby increasing 
therapy efficiency [149]. It improves CMT and decreases its unfavorable impacts by 
directing medications to target malignancy cells specifically. It is highly accurate 
and, hence, it upgrades the viability of radiotherapies and other current therapy 
alternatives. Moreover,  this has helped to reduce the danger and to  upgrade the 
probabilities for the patients to recover from the disease.

4.2.2  Magnetic Hyperthermia Therapy

MNPs are incredibly fascinating for biomedical applications in the view of their 
ability to respond to external magnetic fields, which permit their control for target-
ing in drug delivery. MNPs are very beneficial due to their stable nature in organic 
conditions and their low toxicity. The MNPs that are widely used in the medical 
field are mainly made up of iron oxides and ferrites, which are frequently doped 
with metals like Zn and Ni [151]. Surface coatings/functionalization and encapsula-
tion of the MNPs are carried out to further improve their biocompatibility and bio-
availability in targeted drug delivery. Magnetic hyperthermia therapy (MHT) creates 
the warm environment via a magnetically intervened localized heating of low- 
recurrence electromagnetic waves through the absorption by MNPs [151]. Thus, if 
MNPs are delivered inside tumor and the entire patient is exposed to an alternating 
magnetic field (AMF), the temperature of the tumor will rise. This increase of tem-
perature ideally contracts the size of tumors [151]. MHT is typically applied as an 
adjuvant to radiotherapy or CMT, to which it fills in as a sensitizer, with an end goal 
to treat cancer. It utilizes higher temperatures than diathermy and lower tempera-
tures than ablation. Also, when it is combined with radiation treatment, it may be 
called thermo-radiotherapy.

MHT is a thermal therapy for malignant tumor growth, in view of how MNPs can 
transform electromagnetic energy into heat by utilizing an AMF at radiofrequency. 
Many types of research have been explored for MHT-based cancer treatment. MHT 
was first endeavored in 1957 to treat cancers that had metastasized to the lymph 
hubs, and it is based upon the standards of limited hyperthermia by utilizing MNPs 
and consolidating an AMF to generate heat [151]. In MHT, heat is created after 
neighborhood testimony of MNPs and ensuing utilization of an outer AMF. Generally, 
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MNPs can produce heat by means of hysteresis losses when exposed to AMFs. The 
region encased by the hysteresis loop addresses the losses released as heat [152]. 
The heating capacity relies on the properties of the magnetic material and the AMF 
boundaries. MHT is widely explored to oppose tumor growth or cancer cell viability 
by exposure of superparamagnetic nanoparticles to the AMF because of the heat 
generation via Neel or Brown relaxation mechanism while improving the adequacy 
of different treatments like radiation and CMT.

For the case of nanostructured magnetic materials, the efficiency of heating 
hugely relies on a complex relationship between the timescale of the oscillating 
AMF field vector, magnetic moments, and the intrinsic time-dependent relaxation 
processes of the nanoparticle. Maier-Hauff et al. effectively showed the decency of 
superparamagnetic iron oxide nanoparticle-based hyperthermia in human brain 
growths. They gathered 14 patients with glioblastoma multiforme (GBM), which is 
a very forceful type of brain cancer. These patients got various medicines consisting 
of aminosilane-covered superparamagnetic nanoparticles injected straightforwardly 
into cancer. The nanoparticles were used to raise the temperature in the range of 
42–45 °C by exploiting the localized heating by a remotely applied AMF. During 
the course of the hyperthermia therapy, the patients likewise got fractionated radia-
tion treatment. No critical poison levels were observed [153]. Additionally, Carrouee 
et al. have created MNPs by combining AgNPs and VNIR color Nile blue (NB) with 
SPIONs for multimodal imaging dependent on MRI, surface-improved full Raman 
scattering (SERRS), and NIR-FI [154].

Likewise, Wang et al. have developed MNPs by conjugating fibronectin-focused 
and endogenous catalyst-activated SPIONs with Cys-Arg-Glu-Lys-Ala (CREKA) 
peptide and squaraine photosensitizer for MRI-directed FI and PDT of triple- 
negative breast cancer growths [155]. Very recently, superparamagnetic iron oxide 
nanoparticles (SPIONs) are widely utilized as highly reliable and efficient MNPs 
because of their capacity to convey anticancer medications to the cancer site. It 
helps to instigate magnetic hyperthermia to substitute CMT [18]. In MHT, SPIONs 
are conveyed (intravenously injected and amassed) at the cancer site, and afterward, 
the temperature of the growth cells is privately raised to the therapeutic temperature 
(42–46 °C) on openness to an outer AMF with a radiofrequency [18].

4.2.3  Photodynamic Therapy

Photodynamic therapy (PDT) is a kind of phototherapy involving light and a photo-
sensitizing compound, used in combination with atomic oxygen to evoke cell 
demise (phototoxicity) [156]. PDT applications mainly include three components: a 
photosensitizer, a light source, and tissue oxygen [157]. The wavelength of the light 
source needs to be above the threshold value for exciting the photosensitizer to pro-
duce radicals and/or reactive oxygen species. These are free radicals produced 
through electron abstraction or transfer from a substrate molecule and a highly reac-
tive state of oxygen known as singlet oxygen. Even if one of the components is 
missing, the desired therapy is not achieved, and the overall efficiency accordingly 
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requires cautious preparation of both medication and light dosimetry [158]. In gen-
eral, the medications are given systematically, but since focusing on the process is 
primarily accomplished through the precise utilization of light, usually, from a laser 
source, the impact happens to be more localized in action [158]. PDT has a limita-
tion in that it cannot treat advanced diseases because irradiation of the entire body 
is not possible without the required and adequate number of doses (at least with 
current technologies). Overall, for cutting-edge diseases, PDT can help improve 
quality of life and extend survival. PDT can be a specific and remedial therapy for 
early or localised disease, with numerous expected benefits over available other 
options.[158].

PDT can be termed as a multistage process: at first, a photosensitizer with negli-
gible dark toxicity is administered, either systemically or topically, without light. 
Whenever an adequate amount of photosensitizer shows up in the unhealthy/dis-
eased tissue, the photosensitizer is activated by exposure to light for a specified 
period. The light dose supplies sufficient energy to stimulate the photosensitizer but 
does not damage neighboring healthy tissue. Target sites are killed by the reactive 
oxygen [159] and it can be understood that numerous photosensitizers exists for 
PDT which can be divided into categories that are porphyrins, chlorins, and dyes 
[160]. Photosensitizers like Allumera, Photofrin, Visudyne, Levulan, Foscan, 
Metvix, Hexvix, Cysview, and Laserphyrin are commercially available for clinical 
use, while  others being developed, for example, Antrin, Photochlor, Photosens, 
Photrex, Lumacan, Cevira, Visonac, Amphinex, and Azadipyrromethenes 
[160–162].

The parts of the cell that photosensitizers target differ significantly. Unlike radia-
tion therapy, where harm is completed by focusing on cell DNA, most photosensi-
tizers target other cell structures. For instance, meta-tetra(hydroxyphenyl)chlorin 
(mTHPC) restricts the atomic envelope [163], and 5-aminolevulinic acid (ALA) 
confines in the mitochondria and methylene blue in the lysosomes [164, 165]. PDT 
is well-known for its use in the treatment of skin inflammation. It is used in clinical 
settings to treat a wide range of conditions, including wet age-related macular 
degeneration, psoriasis, and atherosclerosis, and has shown some efficacy in viral 
medicines, including herpes. It likewise treats threatening cancers including head 
and neck, lung, bladder, and specific skin [157]. The innovation has also been tried 
to treat prostate malignancy in a canine model and in human prostate disease 
patients [166, 167]. It is perceived as a treatment system that is both negligibly 
intrusive and insignificantly harmful. Other light-based and laser treatments, for 
example, laser wound recuperating and revival or great beat light hair expulsion, do 
not need a photosensitizer [159]. Photosensitizers have been used to sanitize blood 
plasma and water to eliminate blood-borne infections and have been considered for 
rural utilizations, including herbicides and insecticides. Photodynamic treatment’s 
benefits decrease the requirement for a sensitive medical procedure, extensive 
recovery, and negligible scar tissue arrangement and distortion. An incidental effect 
is the related photosensitization of skin tissue [159].
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4.2.4  Photothermal Therapy

Photothermal therapy (PTT) refers to using electromagnetic radiation (in infrared 
frequencies) to treat different ailments, including cancers. This methodology is an 
expansion of PDT, in which a photosensitizer is energized using a particular band 
light. The heat released during the activation of the sensitizer to the exciting stage 
helps to kill the cancer cells. Photodynamic treatment does not harm the surround-
ing cells because the photosensitizers will generally develop in unusual cells, and 
the light is centered straight to them, thus not impacting the other cells of the body. 
Photodynamic treatment does not cause scars, which is helpful for individuals with 
skin malignancies and precancers. Dissimilar to PDT, PTT does not require the 
interaction of oxygen with cancer cells. Current investigations additionally show 
that PTT can utilize longer-frequency light, which is less energetic and, in this way, 
less damaging to different cells and tissues. Treatment of solid tumors can be effi-
ciently done using such kind of treatment. The current research mainly focuses on 
nanomaterials for the PTT due to their size and efficacy over other sized particles. 
The permeability and retention effect are usually high in nanoscale, making it a 
strong contender for PTT. It has been observed that whenever a tumor is developed, 
blood vessels are required to improve its growth; these blood vessels located nearer 
to the tumor have different properties compared to the regular blood vessels. These 
developments can be prevented by using nanoparticles like gold nanorods (AuNRs), 
gold nanoshells, etc.

The practicality of utilizing gold nanorods was observed for both cancer cell 
imaging and photothermal therapy [168]. The authors conjugated antibodies (anti- 
EGFR monoclonal antibodies) to the outer layer of gold nanorods, permitting the 
gold nanorods to tie explicitly to certain threatening malignant growth cells (HSC 
and HOC dangerous cells). After brooding the cells with the gold nanorods, an 
800 nm Ti-sapphire laser was utilized to light the cells at different forces. The cre-
ators revealed that successful annihilation of the threatening malignant growth cells 
was observed while nonmalignant cells were safe. When AuNRs are presented to 
NIR light, the oscillating magnetic field of light makes the free electrons oscillate 
collectively [169]. It was also experimentally observed that altering the shape and 
size of AuNRs correspondingly changes the assimilated wavelength. An ideal fre-
quency would be between 700 and 1000 nm because natural tissue is optically trans-
parent at these wavelengths [170]. While all gold nanoparticles (AuNP) are delicate 
to change in their shape and size, the properties of Au nanorods are susceptible to 
any adjustment of any of their measurements regarding their length and width or 
their perspective proportion. At the point when light gleams on a metal nanoparticle, 
the nanoparticle develops a dipole swaying along with the heading of the electric 
field. When the oscillation arrives at its maximum value, the corresponding fre-
quency is known as the surface plasmon resonance (SPR) [169]. There are two SPR 
spectrum bands in AuNRs: one in the NIR region caused by its longitudinal oscilla-
tion (with a longer wavelength, it tends to become stronger) and one in the visible 
region caused by the transverse electronic oscillation (at shorter wavelengths, it 
becomes weak) [171]. An increase in light absorption for the particle is 
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characterized by the SPR [169]. It was noticed that the electrons energized by the 
NIR lose energy very rapidly after absorption due to the collisions between elec-
trons. Whenever the relaxation of the electrons occurs, the energy is released, which 
is called a phonon that then heats the environment. This heating of the AuNP will 
help to eliminate the cancerous cells. This interaction is seen when a laser has a 
constant wave onto the AuNP [169].

Gold nanoshells, are silica nanoparticles that have been coated with a thin layer 
of gold. PEG linkers were used to associate them to antibodies (anti-HER2 or anti- 
IgG) [172]. After incubating SKBr3 cancer cells with the gold nanoshells, the cells 
were irradiated with an 820 nm laser. Then, it was observed that only the cells incu-
bated with gold nanoshells conjugated with the specific antibody were damaged by 
the laser (anti-HER2). Another type of gold nanoshell is developed on liposomes 
that act as a soft template to encapsulate drugs inside and/or in a bilayer which is 
studied for triggered drug release by laser light [173]. PTT alone can wipe out the 
cancer cells in essential cancer or local lymphatic metastasis in the shallow tissues 
to reduce their further metastasis in distant organs [174].  However, due to the inho-
mogeneous distribution of heat within these tissues, PTT alone is insufficient to 
destroy disease cells and prevent cancer recurrence and metastasis (formation of 
secondary cancer cells located at a certain distance from a primary site of cancer).

5  Multimodal Theranostics

The various imaging and therapy techniques each have their own set of limita-
tions. It is pretty evident that methods that can provide the combined effect of dif-
ferent imaging and therapeutic modalities which could significantly enhance 
therapeutic/imaging efficacy for effective cancer theranostics. Multifunctional 
nanoparticles have been investigated for multimodal treatment and have shown 
promising results. This section discusses the different multimodal techniques cur-
rently under investigation catering to combined imaging and therapy.

5.1  Multimodal Imaging

Cancer detection is highly complex. The survivability of cancer patients depends 
significantly on its early diagnosis and treatment. The different methods that have 
been developed for cancer detection are still not perfect, and each of the imaging 
methods has some of its own shortcomings and advantages. The multimodal imag-
ing method involves utilizing more than one of the bioimaging methods in conjuga-
tion. This method helps to  negate the shortcomings of the particular imaging 
methods, thereby providing combined imaging modality having essential imaging 
features such as real-time imaging capability, high sensitivity, better contrast resolu-
tion, and enhanced imaging with high SNR.
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Different strategies are being investigated to achieve multimodal imaging. For 
example, fluorescence/MRI imaging can be used together for molecular imaging. 
While fluorescence imaging has high sensitivity and planar resolution, it has limita-
tions such as low spatial resolution and lower penetration capability. Utilizing MRI 
can improve upon the limitations of fluorescence imaging as MRI has better pene-
tration capability and spatial resolution. Gd-doped UCNPs can also be utilized for 
such types of multimodal imaging [175]. Dual-modal imaging by MRI/PET using 
radiolabeled SPIO nanoparticles has also been studied, and the resulting image pro-
vided excellent resolution [176]. Gd2O3:Eu3+ nanorods have been studied as a 
bifunctional nanoparticle with magnetic and luminescence properties enabling high 

Fig. 5 Representation of multimodality tumor imaging using cMBP-GA-ATP@SPIONs. (a) In 
vivo noninvasive near-infrared fluorescent images of mice with U87MG tumors were taken at 1, 2, 
3, and 4 h after injection of CMG-ATP@SPIONs. (b) In vivo, static planar g images of mice with 
U87MG tumors were taken at 1, 2, and 3 h after injection of 125I-cMBP-GA-ATP@SPIONs. (c) 
Transverse SPECT/CT image of the same mouse for 4 hours after injection. In vivo, T2-weighted 
MR images of mice with U87MG tumors were obtained before (d) and at 3 hours after (e) injection 
of cMBP-GA-ATP@SPIONs. (f) Staining was done using Prussian blue on tumor sections 
[182]. Copyright 2013, Society of Nuclear Medicine
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contrast cell imaging and low autofluorescence [177]. Fluorescence/PET dual- 
modal imaging has also been successful in imaging triple-negative breast cancer 
[178]. Similarly, different combinations such as fluorescence/CT, PAI/MRI, and 
many other combinations of the different imaging modalities present are also pos-
sible to have trimodal imaging combining fluorescence/MRI/CT.

Other strategies such as developing contrast agents that allow multimodal T1-T2 
imaging or developing nanocomposites that exhibit diverse properties, say fluores-
cence and magnetism, are also being investigated. Silica-coated Fe2O3 has been 
reported to exhibit fluorescence besides having magnetic nature [179]. MNP-QD 
conjugates as imaging nanoprobes have also been reported [180]. Nanoparticles 
conjugated with fluorescent polymer have been successfully prepared. PET/optical 
multimodal imaging has been studied using hyperbranched polymers labeled with 
organic dye and 64Cu, the former is responsible for optical properties, and the latter 
is responsible for radioactivity that enables PET imaging [181]. Multimodal imag-
ing can solve the limitations to the individual imaging modalities and may serve as 
a prime tool in detecting cancer in its initial stages for effective treatment. 
Multimodal imaging based on fluorescence, SPEC/CT, and MRI investigated using 
the mice model is shown in Fig. 5.

5.2  Multimodal Therapy

As the name suggests, multimodal therapy (MMT) combines two or more therapy 
to overcome the limitation of monotherapy. By combining various sorts of therapy 
together, MMTs can enhance cancer therapy. Various multimodal theranostics stud-
ies have been performed using different multifunctional nanoparticles combining 
therapeutic and imaging approaches. Ge et al. have illustrated the image-directed 
simultaneous PDT/PTT therapeutics and fluorescence imaging through biocompat-
ible and photograph stable CD-based theranostic agents (evident from Fig. 6) [183]. 
In this work, CDs with various sizes (610 nm) are formulated by utilizing polythio-
phene benzoic acid (Fig. 6a, b), from which red light was observed on excitation. 
CDs generated singlet oxygen species and heat all the while under laser illumina-
tion (Fig. 6c) showed promising in vitro and in vivo results in the single/combined 
PDT and PTT cancer therapy as shown in Figure 6 (Fig. 6d, e).

 Dai et al. formulated dendrimer-like MSN with hierarchical pores (HPSNs) as 
pH-responsive MNPs, which can be used in vivo targeted cancer imaging and ther-
apy [184]. Moreover, Sun et al. have prepared DOX-conjugated, Gd-doped, ICG- 
loaded, and thermosensitive liposome-based MSNs as (MNPs) [185], which have 
demonstrated outstanding potential in cancer treatment via multimodal imaging 
(via NIR fluorescence imaging, PAI, and MRI) and also synergetic therapies (via 
PDT, PTT, and CMT). Recently, Yang et  al. have developed perylene diimide- 
hybridized and 64Cu-chelated photo-theranostic MSNs [186], which displayed a 
better PET imaging functionality with  improved fluorescence and photoacoustic 
imaging capabilities.
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Fig. 6 PDT/PTT combined with C-dot-based bioimaging. (a) Fabrication of C-dots. (b) TEM 
image of C-dots. (c) The mechanism for the single oxygen 1O2 generation by C-dots. (d) In vitro 
imaging and PDT/PTT with cancer cells. (e) Fluorescence images of calcein-AM/PI-stained can-
cer cells with laser irradiation [18]. Copyright 2021, Elsevier

Considering the results of different studies, it has been observed that multimodal 
therapy has the best endurance and efficacy compared to other monotherapies. 
However, further investigations are required to examine and refine the best acces-
sible treatments for the different tumor types using the various possible multimodal 
treatment modalities.

6  Conclusion and Future Prospects

The biomedical use of nanotechnology is alluded to as nanomedicine, and this is 
made conceivable by a vast scope of scientific approaches and the advent of clinical 
techniques. One such methodology is the utilization of nanoparticles in 
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theranostics. A definitive point for consolidating nanomedicine and theranostics is 
to improve tumor diagnosis techniques and achieve patient-explicit treatment 
results. This can be achieved due to their high potential to target explicit organs or 
tissues. Just as their ability to be controlled with multifunctionality, theranostic 
nanoparticles have critical benefits that are splendidly appropriate for early cancer 
diagnosis and targeted therapy. In tumor therapy, nanotechnology can play a pivotal 
role in bettering conventional CMT besides being useful in other therapies such as 
MHT, PDT, and PTT. Moreover, different bioimaging modalities which are cur-
rently under development utilizing nanoprobes have shown promising results. The 
advantage of nanoprobes is that they can precisely track molecular activities occur-
ring at the cellular level providing significant insights into the cellular mechanisms. 
This can be highly beneficial in cancer treatment, where early detection of malig-
nancy directly impacts patient survivability. Furthermore, by introducing explicit 
modifications on the nanoparticle surfaces, designated controllable medication dis-
charge and atomic imaging identification have been accomplished. Moreover, nano-
materials conjugated with antibodies and peptides have been shown to provide 
powerful focusing capacities to theranostic nanoparticles [187].

Considering the aspect of multifunctional nanomaterials synthesis, it is neces-
sary to have a repeatable, scalable, and practical assembling strategy to synthesize 
theranostic nanoparticles. With the current synthesis techniques, it is pretty chal-
lenging to have a cost-effective solution for large-scale nanoparticle synthesis which 
can be used for medical applications. It is also essential to understand the basic 
pharmacokinetics of the nanoprobes being used to enhance their efficiency and also 
to reduce their developmental time. The potential toxicity of nanoparticles is also a 
significant impediment to their in vivo application. Another possible issue regarding 
the commercial success of nano-based theranostics is the expense of new medica-
tion advancements. Contrasted to the continued utilization of existing findings and 
treatment strategies, new medication improvements require a great deal of labor, 
material assets, and time. It merits pondering how to persuade manufacturers to put 
resources into the innovative work of theranostic nanoparticles.

To conclude, nanotechnology can effectively change how conventionally tumors 
are diagnosed and treated. It may be the necessary tool required for effective cancer 
treatment through efficient/combined diagnosis, therapy, and monitoring. 
Multimodal theranostics using multifunctional nanoparticles could be the way for-
ward, given their effectiveness and customizability in cancer treatment, but further 
investigation on their biocompatibility and bioavailability is necessary.
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1  Introduction

Cancer is one of the fatal diseases worldwide, with more than 18 million newly 
diagnosed cases and 9.6 million deaths per year [1]. The International Agency for 
Research on Cancer estimated that by 2030, due to cancer there will be 22.2 million 
new cases and 13.2 million deaths [2]. It can result in a huge economic and emo-
tional burden on patients. Among all types of cancer, lung cancer has the highest 
mortality rate. It comprises 3% of all deaths globally, and it has a poor survival rate 
of 5 years. It has a poor prognosis and is detected at a very late stage [3], which 
shows the necessity of developing effective diagnostic strategies to identify and 
curbing lung cancer. Nanotechnology shows promising results in the diagnosis and 
treatment of cancer, including lung cancer [4]. By utilizing the inherent properties 
of nanomaterials, novel nanoparticles (NPs) can be developed to fill the unmet gaps 
in the diagnosis of lung cancer. In this chapter, information on the use of nanomate-
rials for the diagnosis of lung cancer is provided.

1.1  Lung Cancer

Lung cancer is the leading cause of cancer deaths worldwide, causing 18.4% of all 
cancer deaths [1], with 1.76 million deaths worldwide in 2018 and the number of 
cases expected to grow to 3 million by 2035 [5]. In men, lung cancer is the most 
widespread cancer, and in women, it is the third most prevalent cancer [6]. The main 
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risk factors in the development of lung cancer include tobacco smoking; environ-
mental carcinogen exposure via passive smoking, air pollution, and radiation; work-
place exposures such as asbestos and arsenic; and epigenetic changes [7].

1.2  Types of Lung Cancer

Based on histopathological and clinical characteristics, lung cancer is categorized 
into three main categories non-small cell lung cancer (NSCLC), small cell lung 
cancer (SCLC), and malignant pleural mesothelioma (MPM) [4].

1.2.1  Non-small Cell Lung Cancer

The non-small cell lung cancer (NSCLC) is the most prominent form of lung can-
cer, and 85% of lung cancers fall into this type. Among these cases, 65% are either 
metastatic or advanced diseases locally [8]. One of the most common risk factors is 
cigarette smoking, and other risk factors include air pollutants, alcohol, secondhand 
cigarette smoke, deep-fried consumables, barbecued meats, a sedentary lifestyle, 
and genetic predisposition [9]; mutations occur in epidermal growth factor recep-
tors (EGFR). NSCLC is diagnosed only in advanced stages, and the most prevalent 
symptom is cough, which can be observed in 50–75% of patients, followed by chest 
pain, hemoptysis, and dyspnea [10]. At present, NSCLC is diagnosed using immu-
nohistochemical (IHC) staining, histological observations, imaging techniques, and 
mutational and molecular genetics analysis to determine the subtype of NSCLC, 
and stage of the disease [11, 12].

NSCLC is subdivided into squamous-cell carcinoma (SCC), adenocarcinoma 
(ADC), and large-cell carcinoma (LCC) [11, 12], and each has specific cellular, 
genetic, and epigenetic heterogeneity.

1.2.1.1 Adenocarcinoma

Adenocarcinoma (ADC) is the most widespread worldwide [13], and in women, the 
cases of ADC are increasing at an alarming rate [14]. ADC was responsible for more 
than 40% of lung cancers and 60% of the NSCLC. ADC is a malignant epithelial 
neoplasm and shows glandular differentiation or production of mucin. In ADC, 
exclusive mutations occur in genes such as EGFR, anaplastic lymphoma kinase 
gene (ALK), and B-Raf proto-oncogene, serine/threonine kinase (BRAF) [15], 
which in addition to histological analysis are used in tracking the disease 
progression.
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1.2.1.2 Squamous-Cell Carcinoma

Squamous-cell carcinoma (SCC) is the second most common subtype of NSCLC, 
and it is the reason for up to 20–30% of all NSCLC cases. Interestingly, SCC is the 
most commonly occurring in men [16]. Cigarette smoking is one of the main causes 
of SCC. Other factors such as polymorphisms and predisposition in specific genes 
play a role in DNA repair, such as mutL homolog 1 (MLH1), and detoxification 
such as cytochrome P450 family 2 subfamilies A member 6 (CYP2A6) and cyto-
chrome P450 family 1 subfamily A member 2 (CYP1A2) [14]. SCC originates in 
the central portion of the lung, along major airways. They can form cavities when 
they grow bigger. Histologically, tumor cells typically show keratinization and for-
mation of pearl with dense cytoplasm and hyperchromatic nuclei [16, 17]. Even 
though there are no SCC-specific markers available, positive expression of p40, 
p63, cytokeratin-5, and desmocollin-3 serves to differentiate SCC from other types 
of NSCLC, along with miRNA profiles [18].

1.2.1.3 Large-Cell Carcinoma

Large-cell carcinoma (LCC) is the third most common, represents a minority 
NSCLC subtype, and is responsible for approximately 3–9% of NSCLC cases. LCC 
is generally located peripherally and appears necrotic and bulky. LCC encompasses 
malignancies that do not come into the category of SCC, ADC, or neuroendocrine 
carcinoma and the ones which do not have any other specific clinical traits and dif-
ferentiating morphology [18]. It is useful to apply ancillary tests such as immuno-
histochemistry (IHC) to avoid adding poorly differentiated NSCLC.

1.2.2  Small Cell Lung Cancer

Small cell lung cancer (SCLC) is responsible for 14% of all lung cancer cases. It is 
a highly aggressive form and centrally located in the major airway. Each year, 
around 180,000 cases were diagnosed across the world. SCLC is considered either a 
geriatric or a smoker’s disease, due to over 90% of patients coming into at least one 
of these groups. The possibility of developing SCLC increases with the intensity and 
duration of smoking [19]. Currently, the WHO categorizes SCLC as a neuroendo-
crine malignancy with histological attributes of crush artifacts, necrosis, nuclear 
molding, and a high number of mitoses. For the confirmation of SCLC, biomarkers 
such as CD56 and thyroid transcription factor-1 are used. In SCLC, thyroid tran-
scription factor-1 (TTF-1) is expressed up to 90% [20]. The hallmark of SCLC is 
that they have high Ki67 (MIB-1) labeling index (70–100%), which helps to differ-
entiate it from low- and intermediate-grade neuroendocrine tumors (NET) [21].
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1.2.3  Malignant Pleural Mesothelioma

Malignant pleural mesothelioma (MPM) is a rarely occurring thoracic malignancy. 
The incidence of MPM was approximately 2000–3000 cases per year. Over five 
decades, the cases of MPM have increased and continued to rise due to asbestos, 
which is the main etiological agent linked with MPM. It was also observed that ion-
izing radiation and simian virus 40 infection were also have been reasons for devel-
oping MPM [22]. Asbestos has a latency period between 20 and 60 years. Exposure 
to diagnosis has a huge latency period, the reason for an increase in cases of MPM 
worldwide. Symptoms of MPM are dyspnea and chest pain, and on average, 
2–3  months before diagnosis they occur. In the late stages of MPM, they show 
hyperhidrosis, malaise, weight loss, and fatigue. The diagnosis was performed uti-
lizing computerized tomography (CT) scans and chest X-rays. For the estimation of 
metastatic disease, positron emission tomography (PET) scans are used. For the 
complete differentiation to confirm the correct type of MPM, tissue biopsy is used 
for histological, cytological, and immunohistochemistry analysis which will help in 
determining the suitable treatment [23]. It is difficult to acquire a ubiquitous genetic 
fingerprint because of the intrinsic heterogeneity of MPM.  Up to 60% of MPM 
tumors show mutations in the BRCA1-associated protein (BAP1), and it may even 
incline an individual to MPM [24].

1.3  Diagnosis of Lung Cancer

Early diagnosis of lung cancer is very crucial as it can help in improving survival 
rates. Generally, a lung cancer diagnosis was performed by using a histological 
examination of extracted tumors, which will help in choosing the right therapeutic 
approach to dealing with the tumors. Existing methods such as CT and bronchial 
biopsy depend on tumor size and need specific medical equipment, which is often 
not available in all hospitals and involves high costs. Iodine- and barium-based 
compounds are used as contrasting agents in CT to enhance visibility. Image- 
guided, needle, and transbronchial biopsies were used to collect lung samples. Also, 
administering nontargeted contrast agents during diagnosis has limitations such as 
low specificity and sensitivity which can affect finding the accurate location of 
the tumor.

While detecting cancer biomarkers such as specific proteins, cells, nucleic acids, 
and volatile organic compounds in tissues, sputum, urine, blood, and exhaled breath, 
there were a few problems involved such as less absorptivity of gaseous molecules 
on solid substrates, low specificity, and detection sensitivity, and involves difficult 
operations [25, 26].

NP can be used to overcome such problems by conjugating NPs with markers, 
and receptors which will help in reaching and identifying their morphologies [27, 
28]. Innovative diagnostic methods such as array-based sensing and microfluidic 
arrays use NPs which have huge scope as they require a low sample, require less 
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time for assays, show ultralow detection thresholds, and have high-throughput 
capacities [29, 30]. Precise diagnosis is highly important as the information col-
lected determines the type of treatment. For example, in radiotherapy, the exact 
tumor location and extent of spread must determine for effective therapy. NPs are 
widely used in cancer diagnosis and treatment as they offer unique properties such 
as configurable shapes and sizes, excellent plasticity, and adaptable optical, thermal, 
and magnetic properties [4, 31]. Due to the inherent properties, such as the super-
paramagnetic ability of Fe3O4 NPs [32], and the photoacoustic characteristics of 
melanin nanoparticles [33], they can be used as direct diagnostic agents. 
Nanomaterials also help in decreasing toxicity [34].

2  Application of Nanoparticles as a Diagnostic Agent 
for Lung Cancer

The International Union of Pure and Applied Chemistry defines NPs as microscopic 
particles with 1–100 nm in dimension [35, 36]. NPs possess unique physicochemi-
cal properties due to their size and composition, which allow them to be modified 
for use in biological and medical applications [4]. “Nanoparticle” is a broad term 
used for nanocarrier systems with different shapes and sizes (Fig. 1), and these NPs 
have tremendous potential to revolutionize the diagnosis and treatment of cancers. 
NPs are obtained such properties due to their high surface area-to-volume ratio, 
adjustable thermal, electrical magnetic, and optical properties. Also, NPs can be 
made in a variety of sizes, shapes, hollow or solid, with the required chemical com-
position. The exogenous and endogenous stimuli can be introduced into NPs by 
using surface chemistry [32]. Due to their versatile characteristics, NPs have the 
potential to cross the chemical and biological barriers to exert effective diagnostic 
and therapeutic activity [4]. By introducing modifications, NPs can be made to 
decrease invasiveness, improve detection sensitivity, and enhance biocompatibility, 
to improve the treatment of patients [37].

2.1  Nanomaterial Strategies and Challenges Used 
in Diagnostics of Lung Cancer

Different types of NP strategies for diagnostic and therapeutic of lung cancer are 
summarized in the following sections. Understanding the endocytic pathway of 
nanomaterials in the lung cancer cells is crucial in analyzing the identification of 
lung cancer, particularly in vivo. Physicochemical properties, i.e., size, shape, sur-
face charge, hydrophilia/hydrophobicity of nanomaterials, and presence of ligand 
on their surface, affect cellular uptake of nanomaterials [38, 39]. Depending on the 
NP size [40], shape, and charge, different cellular pathways such as 
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Fig. 1 Types of NPs used in diagnosis and treatment of cancer. Depending on NP composition, 
NPs are generally categorized as organic (lipids, dendrimers, polymers, and proteins) or inorganic 
(rare earth elements, metals, and carbonaceous) [4]. (Reprinted from Pharmacol Ther. 198, Cryer 
AM, Thorley AJ., Nanotechnology in the diagnosis and treatment of lung cancer, 189–205., 
Copyright © 2019, with permission from Elsevier)

clathrin- mediated, receptor-mediated, caveolae-dependent endocytosis and phago-
cytosis were utilized. For successful diagnostics and therapy, it is crucial to analyze 
and establish the endocytic pathway of NPs. Other crucial challenges involved in 
NPs are large-scale manufacturing and reproducibility. Also, there are potential 
toxicological and safety hazards which might not be completely assessed or consid-
ered for analysis. Multiwall carbon nanotubes (MWCNTs) activate the TGF-β/
Smad signaling pathway and play a key role in inducing pulmonary fibrosis, and it 
was observed that tube length plays a role in MWCNT-initiated macrophage activa-
tion and following TGF-β1 secretion [41]. The carbon nanotube’s needlelike fiber 
shape has been compared to asbestos. When exposed, long multiwalled carbon 
nanotubes, length-dependent, exerted asbestos-like scarring of the lung [42]. NPs 
can show adverse effects on different organs/tissues in the body. They can initiate 
the development of lung (cancer, asthma, and bronchitis), neurological (e.g., 
Parkinson’s disease and Alzheimer’s), and cardiovascular diseases (thrombosis, ath-
erosclerosis, arrhythmia, and hypertension) [43]. Such adverse effects of nanomate-
rials stress the importance of long-term safety analysis of the materials used in NP 
formulation.
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2.1.1  Polymeric Nanoparticles

2.1.1.1 PLGA Nanoparticles

PLGA has been extensively explored for theragnostic applications in cancer man-
agement [44]. PLGA is composed of a copolymeric mixture of poly(lactic acid) and 
poly(glycolic acid) in different ratios. It has been approved by the US FDA for 
medical applications owing to its safety and biocompatibility [45]. Numerous fac-
tors influence drug delivery via PLGA NPs; however, of all factors, the ratio of 
lactic acid to glycolic acid plays a major role in controlling the solid-state character-
istics and release of the drug from the prepared nanoparticles [46]. Li et al. prepared 
PLGA-based diagnostic nanoprobes for fluorescent and magnetic resonance imag-
ing of lung cancer cells. Nile red, a fluorescent dye, was loaded into the core of the 
PLGA NPs. For chelation of gadolinium ions onto the surface, the PLGA NPs were 
first functionalized with the poly(ethylenimine) (PEI) to functionalize the NPs with 
the surface amine groups. Diethylenetriamine penta-acetic dianhydride was immo-
bilized on the top of the functionalized PLGA NPs using NHS-EDC chemistry. 
Diethylenetriamine penta-acetic dianhydride was able to chelate the MR contrast 
imparted by gadolinium ions on the surface of the NPs. The loaded NPs exhibited a 
particle size of approximately 200 nm. The NPs were nontoxic toward A549 cells 
and displayed high T1 relaxivity (28.36 mM−1 S−1). These PLGA-based formula-
tions exhibit the potential to be used as a contrast agent for both fluorescent and MR 
imaging for lung cancers [47]. Gao et al. prepared superparamagnetic iron oxide 
NPs (SPIONs) and doxorubicin (DOX)-loaded PLGA-based theragnostic agents for 
the active drug delivery and diagnosis of lung cancer cells. The NPs were dual func-
tionalized with folic acid (FA) and activatable cell-penetrating peptide (ACPP) for 
the active uptake by the lung cancer cells. PLGA NP size was 85 nm, PDI 0.261, 
and zeta potential of −19.0 mV. After encapsulation of DOX, SPIO, and surface 
modification with FA and ACPP, the size of F/A-PLGA@DOX/SPIO was 260 nm, 
PDI of 0.254, and zeta potential of +28.7 mV. Also, NPs show stability in PBS and 
serum for up to 72 h. When incubated with red blood cells, NPs did not show any 
hemolytic activity. Both properties show their suitability for biological applications 
(Fig. 2).

The NPs served as an excellent T2-negative contrast agent for MR imaging. 
From Fig. 2a, it was observed that the transverse relaxation rate (r2) of SPIO was 
86.258 mM−1s−1 and F/A-PLGA@DOX/SPIO showed a high r2 of 156.63 mM−1s−1 
which is the sign that NPs wrapped a large amount of SPIO into the center of the 
nanocarrier system. Intracellular trafficking studies were performed in A549 cells, 
using LysoTracker (green) and Hoechst 33342 (blue) to label lysosomes and 
nucleus, respectively. Cellular transport and absorption of F/A-PLGA@DOX/SPIO 
were observed in real time. From Fig. 2b, it was noticed that after 2 h, green and red 
fluorescent signals overlapped in the lysosomes. After 4 h, red signals in lysosomes 
appear stronger, and after 6 h, the red fluorescent signal expands in the cytoplasm. 
These observations confirm that NPs enter the cell and are mainly located in lyso-
somes before entering the cytoplasm. In vivo MR R2* imaging of A549 
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tumor-bearing mice was performed. It was known that there is a correlation between 
Fe amount in the tissue and the R2* value. From Fig. 2c, it can be noticed that F/A- -
PLGA@DOX/SPIO NPs showed the presence of a high orange-red region in the 
tumor which is the indication of a high R2* value. When compared to SPIO, F/A- -
PLGA@SPIO and F/A-PLGA@DOX/SPIO NPs reached maximum R2* value at 
12 h, 24 h, and 24 h respectively, and both values were higher than SPIO-treated 
group (Fig.  2d, e). Along with better diagnostic potential, the NPs also demon-
strated in vivo stability, biocompatibility, and lung cancer cell uptake in vivo [48].

2.1.1.2 Chitosan Nanoparticles

Chitosan is a carbohydrate-based polymer obtained from chitin. Chemically it is 
N-acetyl glucosamine with extensive applications in drug delivery. It is used for 
topical as well as parenteral administration of the therapeutic agent [49]. Chitosan 
is insoluble in aqueous water at the neutral and basic pH, whereas it dissolves in the 
dilute acidic aqueous solutions due to the protonation of its amine groups [50]. 
Various properties such as enhanced cell uptake, mucoadhesion, gene transfection, 
etc. motivate its extensive use in cancer nanotechnology [51]. On et al. prepared 
indocyanine green (ICG)-conjugated glycol chitosan NPs (CNPs), and Cy5.5-CNPs 

Fig. 2 Characterization and intracellular trafficking of F/A-PLGA@DOX/SPIO NPs. (a) T2 
relaxation rate (r2) of SPIO and F/A-PLGA@DOX/SPIO NPs. (b) Intracellular trafficking of F/A- -
PLGA@DOX/SPIO in A549 cells and cells stained with LysoTracker (lysosome) and DAPI 
(nucleus) were treated with NPs at different time points. (c) MR R2* maps of A549-bearing mice 
after being treated with SPIO, and F/A-PLGA@SPIO, F/A-PLGA@DOX/SPIO NPs at different 
times. (d) Tumor R2* values for each treated group. (e) % of the relative change of tumor R2* 
value for each group at different time points. Values are expressed as ± SD of triplicate [48]
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for image-guided surgical ablation of VX2 lung cancer tissues from the orthotopic 
mice and rabbit tumor models. As shown in Fig. 3a, the sizes of ICG-CNPs and 
Cy5.5-CNPs were 264 ± 3 nm and 261.8 ± 2.69 nm, respectively. Both NPs main-
tained stability for up to 8 days under physiological conditions. Nanosized spherical 
structures of ICG-CNP and Cy5.5-CNPs were observed using TEM (Fig. 3a), and 
the NIRF signals increased proportionally with increasing NP concentration which 
infers that fluorescent dyes were firmly conjugated to CNPs (Fig. 3b). Owing to the 
enhanced permeation and retention (EPR) effect, the Cy5.5-CNPs demonstrated 
higher accumulation in the cytoplasm of VX2 tumor tissue of the rabbit at 24, which 
was evident from confocal microscope images of VX2 tumor cells. A cell viability 
test was performed using cell counting kit-8 (CCK-8), and both ICG-CNP and 
Cy5.5-CNPs showed no cytotoxicity up to 200 μg/ml at 24 h (Fig. 3c). In pharma-
cokinetic analysis, near-infrared fluorescent (NIRF) signals in mice and rabbit 
serum were decreased gradually over time. The plasma half-life of NIRF signals in 
blood was reported to be 4.73 h and 3.25 h in rabbits and mice, respectively (n = 3, 
mean ±SD) (Fig. 3f). It was observed that in in vivo tumor accumulation studies, the 

Fig. 3 (a) Particle size of Cy5.5 and ICG chitosan nanoparticles by dynamic light scattering and 
transmission electron microscopy along with interday stability. (b) Near-infrared fluorescence sig-
nals (0.6–2.8  mg/mL) of Cy5.5 and ICG-loaded nanoparticles. (c) Quantitative cell uptake on 
VX-2 tumor cells and cell viability. (d) In vivo biodistribution of Cy5.5-loaded chitosan nanopar-
ticles in the VX2 tumor-bearing mouse with quantified NIRF signals from tumor and other organs 
with tissue fluorescence imaging. (e) Tumor localization of free ICG and ICG-loaded chitosan 
nanoparticles in rabbit VX2 lung tumor models. (a) Noninvasive NIRF imaging of VX2 tumors, 
ex vivo NIRF images, and tissue fluorescence of the liver, spleen, kidney, and tumor from ortho-
topic VX2 lung cancer model post 96 h of injection. (f) Pharmacokinetic analysis of ICG-CNPs in 
rabbit and mouse serum. NIRF signals in (a) mouse (b) rabbit blood. (Reprinted from On et al. [52] 
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/legalcode). Copyright © 
2020 Kyeong Cheol On, Jiyun Rho, Hong Yeol Yoon, Hyeyoun Chang, Ji Young Yhee, Jun Sik 
Yoon, Seo Young Jeong, Hyun Koo Kim, and Kwangmeyung Kim. Published by MDPI)
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buildup of fluorescent NPs was increased over time and showed high signal intensi-
ties between 48 h and 72 h. In ex vivo NIRF imaging, it was observed that Cy5.5- 
CNP showed high accumulation in kidneys and tumors when compared to other 
organs (Fig. 3d). Accumulation of ICG-CNPs was observed clearly when compared 
to only ICG alone. Real-time NIRF signal due to accumulation of ICG-CNPs could 
distinguish tumor from normal tissue which helped in image-guided surgical 
removal of tumor tissue from the lung (Fig.  3e). This successful study warrants 
clinical trials of these NPs [52]. MicroRNAs play an important role in cancer pro-
gression. Their expression in the cancerous tissues and blood is commonly used to 
diagnose lung cancer. Zhu et al. used chitosan NPs to detect miR-155 in the lung 
cancer cells. They loaded the mIR-155 molecular beacon into the core of chitosan 
NPs. The chitosan NPs demonstrated better transfection of miR-155 molecular bea-
con inside the lung cancer in comparison with the lipid-based nanocarrier. The 
developed chitosan NPs were biocompatible, were stable, and demonstrated high 
cell uptake potential [53]. Hence, chitosan demonstrates huge potential as a nucleic 
acid transfecting carrier for lung cancer detection.

2.1.1.3 Dendrimers

Polyamidoamine (PAMAM) is the commonly used dendrimer in cancer nanotech-
nology. These architecture polymers can be used to load the cargo on the surface by 
chemical functionalization as well as intra-structural voids. Hence, these structures 
can be used to deliver more than one cargo. This ability makes them an ideal carrier 
for the targeted theragnostic applications [54]. Liu and colleagues prepared 
gadolinium- modified PAMAM dendrimer-entrapped GNPs as a multimodal con-
trast for both magnetic resonance imaging and computed tomography. The research 
group functionalized the dendrimer with various agents; however, the dendrimer 
functionalized with 1,3-propane sultone showed the best plasma half-life (37.07 h) 
and antifouling properties. The loaded GNPs exhibited particle size and zeta poten-
tial of 2.7 nm and 7.6 mV, respectively. Further, peptide-conjugated GNP-loaded 
dendrimers demonstrated r1 relaxivity of 13.17 mM S−1, excellent biocompatibility, 
good X-ray attenuation, and lung cancer-specific cellular uptake by binding to the 
αvβ3 integrin. The dendrimer-based multimodal probe shows potential to be brought 
into the clinical setup [55]. Wang and co-workers reported folic acid-immobilized 
GNP-loaded fifth-generation PAMAM dendrimers to be used for CT imaging of the 
lung’s adenocarcinoma. The folic acid functionalization was performed using the 
EDC-NHS linking. After exposure or administration of particles in vitro and in vivo 
respectively, the imaging could be done using X-rays to detect SPC-A1 cells in vitro 
and in a xenograft model in vivo. The prepared dendrimer-based nanostructure was 
concluded to have biocompatibility after a battery of investigations such as cell 
viability using MTT assay, cell cycle, and apoptosis analysis using flow cytometry 
and tissue histology [56].
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2.1.1.4 PEGylation-Based Particles

PEG is mainly used to form the hydrophilic part of nanoscale drug delivery systems 
[57]. PEG is commonly used to functionalize the nanoscale formulation in an 
attempt to increase biological biocompatibility and circumvent the reticuloendothe-
lial system-mediated removal of the nano-formulations from the body [58]. PEG is 
used to develop self-assembled NPs in the particle range below 100 nm [59]. Sui 
and colleagues reported PEGylated gadolinium oxide NPs for better biocompatibil-
ity with the physiological system. The NPs were surface-functionalized with PEG 
and l-cysteine. PEGylated NPs were found to be water-dispersible, stable at RT, and 
biocompatible with the red blood cells. The relativity indexes of PEGylated NPs 
and PEGylated-L-cysteine NPs were found to be 3.35 and 3.59 mM/s. However, the 
PEGylated NPs demonstrated T1-weighted MR imaging both in the presence and 
absence of L-cysteine. The PEGylation of gadolinium NPs also increased its half- 
life to 6.2 h [60]. Wang and co-workers PEGylated SPIONs to improve their bio-
compatibility and improve the imaging sensitivity for MR-guided therapy. The 
PEGylated NPs were actively targeted using the anti-epidermal growth factor recep-
tor (EGFR) antibodies which bind to the overexpressed EGFR receptors on the lung 
cancer cells. The actively targeted PEGylated SPIONs demonstrated better accumu-
lation in H460 lung cancer cells with better MRI contrast in the H460 cells both 
in vitro and in vivo. The MR imaging confirmed a greater accumulation of actively 
targeted PEGylated SPIONs in comparison with the untargeted SPIONs with an 
enhanced T2 signal-to-noise ratio [61]. Hou et al. used chlorin e6-conjugated PEG 
self-assembled NPs for the NIR-based imaging of the A549 lung cancer cells. 
Chlorin e6 was conjugated to the PEG the REDOX-sensitive disulfide linkage. The 
nano-formulation showed photodynamic based cytotoxicity; hence, this self- 
assembled particle demonstrates excellent theragnostic ability. The signals of chlo-
rin 6 dimmed after 10 h of tail vein injection in vivo, whereas PEG NPs maintained 
strong fluorescent signals even after 36 h of administration [62].

2.1.2  Metal-Based Nanoparticles

2.1.2.1 Gold Nanoparticles

Gold nanoparticles (GNPs) exhibit tremendous physicochemical properties such as 
surface plasmon resonance (SPR), high surface-to-volume ratio, and the ability to 
be functionalized with a wide range of molecules and polymers [63]. Mentioned 
properties make GNPs an ideal carrier for theragnostic applications. Lung cancer is 
characterized by an elevation in the concentration of volatile compounds excreted 
during exhalation [64]. Currently employed techniques including GC-MS, ion flow 
tube MS, etc. require pretreatment and pre-concentration of the sample prior to 
investigations [65]. However, the following discussed GNP-based sensors gave 
rapid results subsequently circumventing the need to concentrate the samples before 
investigations. Barash and co-workers developed molecularly modified GNPs for 
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the detection of volatile compounds emitted from non-small cell lung cancer. The 
molecules selected to modify the GNPs demonstrate the same functional groups as 
the emitted volatile compounds; hence, the synthesized GNPs exhibited high selec-
tivity toward the emitted compounds. The nanosensors were able to identify and 
separate 55 volatile compounds appearing in NSCLC cell lines. The proposed nano-
sensor displayed significant potential for clinical translation to detect the lung 
cancer- specific volatile compounds in the air exhaled by the patient. Such technol-
ogy can also prove successful in the instantaneous detection of cancerous tissues 
during surgical operations [66]. Peng and co-workers functionalized GNPs (particle 
size = 5 nm) with thiols including 1-butanethiol, decanethiol, dodecanol, hexane-
diol, 2-ethylhexanethiol, and 4-methoxytoluenethiol. The functionalized GNPs 
were dropped cast over gold electrodes and arranged to form detectors. The studies 
performed on 56 healthy and 40 patients were able to distinguish and identify vola-
tile biomarkers [67]. Gao et al. prepared GNP-based probes for the detection of lung 
cancer-selective biomarkers, viz., neuron-specific enolase, cytokeratin 19 fragment 
antigen, and carcinoembryonic antigen. The detection antibodies were functional-
ized on the GNPs. The detection of the antigens was carried out by sandwiching the 
antigens between the capture antibodies (present on the microarrays) and GNP- 
functionalized detection antibodies. The probe was able to detect the antigens even 
at the lowest concentrations of 1 ng/mL. The co-detection of four antigens improved 
the diagnostic accuracy to 87.74%. This rapid and precise GNP-based probe shows 
excellent potential for clinical applications [68].

2.1.2.2 Silver Nanoparticles

Silver nanoparticles (AgNPs) have been used in the various platforms employed for 
the imaging and diagnosis of cancer tissues as well as cancer-associated biomark-
ers. As witnessed in the case of GNPs, AgNPs also demonstrate tremendous physi-
cochemical properties including SPR, high surface-to-volume ratio, and heavy 
surface functionalization capabilities [69]. Zhang and colleagues utilized AgNPs to 
augment the Raman signals obtained from the lung cancer tissue slices. Surface- 
enhanced Raman spectroscopy is commonly used in the area of lung cancer tissue 
detection, owing to its high sensitivity. The addition of AgNPs to the surface of lung 
cancer tissues improved the Raman scattering signals of the biomarkers. Improved 
sensitivity and selectivity of 95.7% each are reported in the study [70]. The same 
research group also reported the use of AgNPs to augment the signals of subsurface- 
enhanced spectroscopy obtained from the serum samples. For this study, they 
employed pyramidal silicon and AgNPs. The PCA-LDA method demonstrated a 
sensitivity and selectivity of 100% and 90%, respectively [71]. Yang et al. reported 
biocompatible glutathione-capped silver nanoclusters for the imaging of the live 
lung cancer cells. The nanoclusters demonstrated lower cytotoxicity in comparison 
with the silver salts and AgNPs. The nanoclusters demonstrate solvent-dependent 
fluorescent quantum yield in the live A549 cells in vitro [72]. Recently, Lee and 
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co-workers grafted AgNPs on the surface of the oxidized porous silica microparti-
cles (Fig. 4).

The prepared structures demonstrated CT contrast intensity of more than 
1000 HU. Figure 4a explains the hybrid composite formulation. In the first step, 
pSiMPs were made by utilizing a constant anodization current of high boron-doped 
p-type single-crystal silicon wafers in ethanolic hydrofluoric acid (HF) electrolytes 
resulting in pSiMPs surface being oxidized in aqueous media which contains 
sodium tetraborate. This step is crucial to increase the hydrophilicity of micropar-
ticles and initiate the NP formation of silver ions on its surface. In the next step, 
metallic silver is deposited onto the Oxi-pSiMPs in the presence of AgNO3 and 
ammonia (NH3) using an established protocol [74]. SEM images of the materials 
pSiMPs (plate-shaped particles), Oxi-pSiMPs (open-pore structure), and AgNPs- 
pSiMPs (collapsed pore structure) were shown in Fig. 4b. Energy-dispersive X-ray 
spectroscopy (EDS) element imaging shows the presence of silica, oxygen, and 
silver (Fig. 4c). CT signals were analyzed; PBS and lipiodol were used as negative 
(no CT signal) and positive controls (3070 Hounsfield units (HU)), respectively. 
AgNPs-pSiMPs exerted high CT signal intensity in solid state (1050 HU), dispersed 
solution in DI H2O (1050 HU), and in the mixture of DI H2O and glycerol (1300 HU) 
(Fig. 4d). AgNPs-pSiMPs were applied in vivo CT imaging of rabbit’s lungs for 
lung marking and treatment (Fig. 4e). Rabbit’s chest micro-CT image shows lungs 
as the dark and vertebral column, ribs, and sternum as white. AgNPs-pSiMPs were 
injected into the superior lobe of the right lung (yellow circle) (Fig. 4f). Even after 
60 min, there was no decrease in CT signal intensity at the injection site. When 
compared to lipiodol, Ag-NPs-pSiMPs showed a higher localized CT-responsive 
area (Figure 4h). The NPs demonstrated very low toxicity and were able to maintain 
a strong CT signal at the site of injection of the lungs. These microparticles show 
huge potential to be translated as an imaging agent for lung CT scans for the surgi-
cal ablation of lung cancers [75].

2.1.2.3 Iron Oxide Nanoparticles

Ferrimagnetic iron oxide NPs have been employed for various theragnostic applica-
tions in cancer research. These iron oxide NPs are frequently surface-functionalized 
to result in superparamagnetic iron oxide NPs (SPIONs). SPIONs are readily used 
for stimulus-responsive drug delivery as a functionalized theragnostic carrier, a con-
trast agent for magnetic resonance imaging as well as magnetic particle imaging 
[76]. SPIONs can be readily synthesized into various particle sizes and can be func-
tionalized using various small-molecule polymers, antibodies, small molecules, and 
ligands. However, rapid blood clearance and low stability in the physiological 
matrixes pose a challenge for their theragnostic applications. Yoo et al. formulated 
folic acid-conjugated SPIONs to be used as an imaging agent in lung cancer diag-
nosis. The folic acid was functionalized using the PEG-linking technique. The pre-
pared SPIONs demonstrated low blood clearance and high physiological stability. 
The folic acid-targeted SPIONs demonstrated good uptake by the lung cancer cells 
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Fig. 4 (a) Schematic representation of the preparation of the hybrid composite of AgNPs and 
pSiMPs. (b) SEM images of pSiMPs, oxidized pSiMPs, and AgNPs-pSiMPs. (c) EDS element 
mapping images of Si, Ag, and oxygen. (d) In vitro CT images (left) and CT intensity (HU) (right) 
of prepared formulations. (e) Rabbit anatomical sketch to explain CT images in panel F and H. (f) 
Rabbit chest in vivo micro-CT images in the conical view, before and after administration of the 
hybrid composite. (g) HU scale obtained from CT images (yellow circle) in panel F, observed as a 
function of time postinjections. (h) In vivo CT images of the rabbit lungs (3D view) [73]. (Reprinted 
(adapted) with permission from Lee EM, Lee J, Kim Y, et  al. Hybrid Composite of Silver 
Nanoparticle-Porous Silicon Microparticles as an Image-Guided Localization Agent for Computed 
Tomography Scan of the Lungs. ACS Biomater Sci Eng. 2020;6(8):4390–4396. Copyright © 2020 
American Chemical Society)

in vitro and in vivo [77]. Park et al. synthesized radioactive folic acid-functionalized 
SPIONs labeled with 64Cu, to be used as a diagnostic agent in positron emission 
tomography as well as MRI. The particle size of citrate and hydrazine-stabilized 
SPIONs is reported to be 50 nm. The functionalized SPIONs retained ~90% of the 
radioactivity in pH 7.4 buffer and serum after 24 h. The functionalized NPs showed 
good cell internalization capabilities in the lung cancer A549 cell lines in vitro [78]. 
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Shahbazi-Gahrouei et al. functionalized SPIONs with anti-epidermal growth factor 
monoclonal antibody. The prepared nanoprobe showed good biocompatibility 
toward the Lewis lung carcinoma cells in vivo. The prepared nanoprobe demon-
strated good cell uptake and image signal intensity in vivo. This probe displayed a 
high potential to be translated to the media setup [79]. Wan et  al. reported anti-
CD- 44V6 antibody-conjugated SPIONs for magnetic resonance immune imaging 
of lung cancer cells. The SPIONs were surface function surface-functionalized and 
carboxymethyl improved their aqueous dispersibility and saturation magnetization. 
The functionalization improved the magnetic resonance imaging and cell uptake 
capabilities of SPIONs into the A549 cell lines in vitro [80].

2.1.2.4 Magnetic Nanoparticles

Cobalt, iron, and nickel are commonly used for the synthesis of magnetic NPs dedi-
cated to biomedical applications [81]. They are used for the development of 
stimulus- responsive drug delivery systems and thermal ablation of the tumor [82], 
as a contrast for the MRI [83], and as a probe for biosensing [84]. The surface func-
tionalization capabilities and the ability to release the cargo at controlled rates make 
them an important carrier for cancer research [85]. The ability to be manipulated by 
the external magnetic field can be smartly used for the site-specific accumulation for 
theragnostic biomedical applications [85]. Zhou et al. developed Cy5.5 dye-loaded 
SPIONs which were functionalized to detect the HCBP-1 overexpressed lung can-
cer stem cells in the lung cancer xenografts. The SPIONs were stabilized by cationic 
polyethylenimine and were further functionalized with the HCBP-1 peptide using 
the EDC linker. The prepared nanocomposite demonstrated high biocompatibility 
with the red blood cells and lung cells. The nanocomposite demonstrated specific 
uptake by the lung cancer stem cells from the H-460 lung tumor xenografts. These 
NPs worked efficiently as the contrast and fluorescent probe for the MRI and fluo-
rescent imaging in vivo. Using this nanocomposite, the lung cancer stem cells were 
diagnosed in the lung cancer xenografts to detect early metastasis [86]. Wang et al. 
developed magnetic NPs using microemulsion polymerization and Stober coating 
techniques. Briefly, SPIONs were formulated by co-precipitation of FeCl2/FeCl3 
and stabilization by oleic acid. The surface of the NPs was functionalized with pan- 
cytokeratin antibody for cancer cell-specific uptake. The magnetic NPs were added 
to the cell suspension consisting of lung cancer A549 cells. The NPs were able to 
separate the cancer cells from the mixture under the influence of the magnetic 
field [87].

2.1.2.5 Silica Nanoparticles

Silica-based NPs are one of the major players in cancer cell detection and imaging. 
Silica has versatile chemistry, which along with surface negative charge offers huge 
potential for the functionalization of different fluorescent molecules. Additionally, 
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silica NPs also offer properties such as biocompatibility, enhanced dye stability 
present in the pores, and optical transparency [88]. Chen et al. reported 19F-loaded 
GNP-capped mesoporous NPs for the site-specific release of 19F for the diagnosis of 
lung cancer cell lines. The release of 19F to the tumor tissues is limited by capping 
the GNPs on the mesoporous silica NPs by hydrazone linkers. The hydrazone bonds 
remain intact at the physiological pH of 7.4 and break at the acidic pH below pH 6. 
The removal of GNPs led to the release of 19F at the tumor site. The delivery of the 
imaging agent to the lung cancer cells was assured by functionalizing them with 
folate receptors. Hence, the research group was able to specifically image the A549 
cells, while normal cells stayed dark [89]. Lee et al. synthesized gadolinium ion- 
conjugated silica NPs for contrast enhancement applications in MR imaging. The 
research group chemically functionalized the surface of silica NPs with amine and 
carboxylic acid functional groups for easy gadolinium conjugation. The authors 
reported a higher relaxivity of 9.41 mM−1s−1 in comparison with the relaxivity of 
free gadolinium ions (3 mM−1s−1). The study concluded that the hydrophilic nature 
of amine and carboxylic acid functionalization around the silica NPs allows the 
water to interact and proton relaxes the gadolinium ions [90].

2.1.2.6 Quantum Dots

Kalkal and colleagues employed quantum dots to develop a non-radiative energy 
transfer-based fluorescent nanoprobe for the diagnosis of small cell lung cancer. 
These kinds of sensors are known to be highly sensitive and rapid [91]. The design 
of the nanoprobe included graphene quantum dots as an energy donor and GNPs as 
an energy acceptor. The quantum dot used here is nitrogen-doped and surface- 
functionalized with an amine. The amine functional group was used to functionalize 
the quantum dots with neuron-specific enolase antibodies. The developed probe 
detected enolase in the lung cancer cells rapidly (within 16 min), with a low detec-
tion limit of 0.9 pg/mL and a broad linear detection range (0.1 pg/mL–1000 ng/mL) 
[92]. Shivaji et al. prepared quantum dots with particle size of 2–5 nm using tea leaf 
extract as the stabilizing agent. The extract used was completely nontoxic and hence 
increased the biocompatibility of the quantum dots. The quantum dots were able to 
produce high contrast fluorescent images of the A549 lung cancer cells. 
Concentration-dependent fluorescence emission centered at 670 nm was achieved. 
The prepared probe also arrested the cell of A549 cells at the S phase, thus promis-
ing huge potential as a theragnostic agent for lung cancer management [93]. 
Nafiujjaman et al. developed graphene quantum and SPION-based supramolecular 
assembly for the targeted imaging of lung cancer cells. The nanostructure was tar-
geted to αV integrins by functionalizing with iRGD tumor-penetrating protein. The 
structure was able to retain its fluorescence and targeting capabilities. The co- 
engineered SPIONs enabled the particles to be used as a contrast for the MRI stud-
ies. This two-in-one targeted nanostructure holds tremendous potential to be used as 
an imaging agent for both fluorescent imaging and MRI in the clinical setup [94].
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2.1.3  Biomaterial-Based Nanoparticles

Biomaterial-based NPs can be derived from proteins, viruses, and endogenous lip-
ids, and they can be used for bioimaging and biosensing applications for lung can-
cer. They offer several advantages when compared to inorganic-based vectors such 
as biocompatibility, ease of production, and conjugation of ligands for site-specific 
delivery. Biomaterial-based NPs were successfully developed and used for lung 
cancer diagnosis. Few biomaterial-based NPs are outlined below.

2.1.3.1 Viral Nanoparticles

Viruses are infectious pathogens, ranging in size from 20 to 400 nm. Viruses are 
considered naturally present nucleic acid carriers as they transfer and protect their 
cargo, and this characteristic is used for drug and imaging agent delivery [95]. 
Viruses offer numerous applications in medicine such as bioimaging, biosensing, 
drug and gene delivery, theranostics, and vaccine development. Viruses are mainly 
categorized into three different types, i.e., bacteriophages, plant, and mammalian 
viruses, which have shown tremendous potential in drug delivery due to their ability 
to transport genetic material within their capsid and high cell permeability [95]. In 
viruses, there are two subgroups: viruslike particles (VLPs) and viral nanoparticles 
(VNPs) [96]. VLPs are considered noninfectious, and they are devoid of genome 
and counterparts of VNPs. They may also show different immunostimulatory pro-
files depending on the presence or absence of a viral genome [97]. VNP has self- 
assembled unique architectures which occur in a wide range of shapes and sizes and 
offer several distinctive advantages due to their unique properties such as water 
solubility, stability in aqueous buffer, biocompatibility, uniformity in their morphol-
ogy, large surface area, inexpensive to produce in large quantity, easy purification, 
high cellular uptake, and facile, efficient functionalization. Such properties are 
helpful in biological and imaging applications, and they are difficult to attain with 
polymers [98, 99]. Another useful advantage is, on the virion surface, at specific, 
designated positions, it is possible to link fluorescent molecules where the spatial 
separation of the dye molecules will help in preventing a phenomenon called fluo-
rescence quenching, which results in appearing “super bright” viral particles for 
imaging [98].

By utilizing mammalian viruses, i.e., adenovirus, lentivirus, and herpesvirus, 
successful therapeutic agents against multiple diseases were developed [100]. But 
there have been reports of these viral-based therapies showing severe adverse 
effects, and, in some cases, fatal outcomes were observed [101]. On the overhand, 
plant viruses and bacteriophage do cause infections in mammals, and they are con-
sidered nontoxic to humans and safer to use imaging and drug delivery applications.

One of the biggest advantages of plant viruses is that they do not show tissue 
tropisms. This quality can be utilized in nanoparticle formulation to add properties 
such as membrane crossing, nuclear penetration, binding, and targeting abilities 
[102]. Currently, several nanotechnology-based systems are under development 
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based on plant VLP and VNPs such as cowpea mosaic virus (CPMV), tobacco 
mosaic virus (TMV), physalis mottle virus (PhMV), and potato virus X (PVX) [96].

When compared to synthetic NPs, VLPs offer several advantages in delivering 
imaging agents due to their short circulation and retention time which dramatically 
decreases adverse effects [103]. VLPs can be modified to transfer different types of 
fluorescent labels, and contrast agents also by introducing antibodies, aptamers, and 
peptides for enhanced targeting of specific cells and tissues. Another interesting 
method of modification of viral particles was done by utilizing genetic techniques 
to create mutations that express novel reactive residues on the surface of the virus 
particle with high specificity and region control.

Among plant viruses, CPMV is used often for optical imaging applications. It 
has an icosahedral shape and is about 30 nm in size. A distinctive feature of CPMV 
is that it has the inherent ability to interact with the mammalian protein surface 
vimentin which helps in imaging endothelium [104], especially tumor endothelium 
[105]. To enhance the specificity, CPMV was modified with a peptide ligand E7p72, 
and these E7p72-CPMV particles displayed high specificity to epidermal growth 
factor-like domain 7 (EGFL7) [106]. Within 90 min, they can be seen through real- 
time intravital imaging due to the binding of particles to tumor neovasculature. By 
utilizing genetic engineering techniques, CPMV can be modified to introduce cys-
teine residues, which are not accessible in wild CPMV. It resulted in the symmetri-
cal display of 60 thiol groups on virus capsid [107]. In the same way, to control and 
enhance selectivity, viral coat proteins can be replaced by nonreactive groups [108].

A recent study conducted by Gassensmith et al. showed a TMV-metal-organic 
framework (MOF) hybrid nanoparticle-enhanced TMV VNP retention when given 
via s.c. into Balb/c mice [109]. Zeolitic imidazolate framework-8 was coated to 
Cy5-encapsulated TMV (Cy5-TMV@ZIF), and NPs retained fluorescence ~2.5x 
the time (288 h vs. 120 h) when compared to native Cy5-TMV. The TMV@ZIF NPs 
were stable even when heated at 100 °C for 20 min or overnight kept in 6 M guani-
dinium chloride or methanol. Wild-type TMV was not stable [109]. Robertson et al. 
linked fluorescent dyes to the icosahedral head of the T4 bacteriophage which 
allowed the identification of A549 lung cancer cells line [110]. They also showed its 
cellular imaging and flow cytometric applications, by bioconjugation Cy3 and 
Alexa Fluor 546 with the head of the T4 bacteriophage, which gave a high surface 
area for the accumulation of approximately 19,000 dyes/viral NPs which resulted in 
an increase in fluorescence of about 90% with Cy3 dye [110].

2.1.3.2 Protein-Based Delivery

The preparation of protein NPs is predicated on balancing the attractive and repul-
sive forces within the protein. This is usually accepted that increasing protein 
uncoiling and decreasing hydrophobic interactions are crucial to the formation of 
protein NPs [111]. During the process of NP formation, protein undergoes confor-
mational changes counting on its composition, concentration, crosslinking, and 
preparation conditions like pH, ionic strength, and solvent type. Generally, 
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surfactants are needed to stabilize the NPs of water-insoluble proteins like gliadin 
[112]. Uncoiling of proteins throughout the preparation method exposes interactive 
groups like disulfides and thiols. Following the thermal or chemical crosslinking 
results in the formation of cross-linked NPs with entrapped drug molecules. 
Coacervation/desolvation and emulsion-based ways are most ordinarily used for the 
preparation of protein NPs (Fig. 5).

Small peptides like growth factors and neurotransmitters are involved in several 
physiological functions within the body. These present amide molecules comprising 
about 30 amino acids don’t seem to be typically used clinically because of their 
poor chemical and physical stability and short half-life in circulation due to capil-
lary filtration and serum protein degradation [114, 115]. However, small peptides 
have several advantages as therapeutic agents since they can simply penetrate cells 
and deliver medication in response to tissue hydrogen ion concentration. As an 
example, amide-conjugated liposomes have effectively internalized into mitochon-
dria by reversing their surface charge (negative to positive) within the tumor’s exter-
nal environment (pH ~ 6.8) [116]. Hence, peptide-based NPs have gained attention 
as gene and drug transporters to the targeted tissues [114].

Since the lung mucosal surface is wealthy in antiprotease enzymes, it’s naturally 
porous to small-molecule peptides and proteins following their inhalation. Therefore, 
lung delivery of peptide-based NPs might lead to quicker absorption and higher 
local and systemic bioavailability as compared to subcutaneous and intravenous 
injections. Several studies examined the presence and/or expression of tumor- 
related proteins in the sputum of lung cancer patients and control subjects. Sun et al. 
(2009) reported a significantly increased expression of a proliferation-inducing 
ligand (APRIL) in the sputum of lung cancer patients compared to controls (82% 
vs. 3%) [117]. Pio et al. in 2010 showed elevated levels of complement factor H in 
sputum in lung cancer patients, suggesting that large plasma proteins such as factor 
H reflect increased permeability of the tumor circulation. Quantification of factor H 
may help improve the sensitivity of sputum cytology for lung cancer diagnosis, but 
it is not evidence of malignant tumors such as hemoptysis [118]. The aim of the 
study conducted by Sun et al. was to identify the expression profile of proliferation- 
inducing ligand (APRIL) in tumor tissue and lung cancer sputum and to evaluate the 
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Fig. 5 Preparation of protein nanoparticles in aqueous solution [113]
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potential for co-diagnosis of lung cancer by real-time quantitative polymerase chain 
reaction (RTQ-PCR). The authors used RTQ-PCR to analyze the expression of 
APRIL mRNA in 75 tissue samples and 71 corresponding lung cancer sputum sam-
ples and established their correlation. Expression of the APRIL protein was also 
observed in tumor tissue by Western blot and immunohistochemistry [117]. 
Expression analysis revealed increased expression of APRIL in non-small cell lung 
cancer (NSCLC), and immunohistochemical staining revealed that APRIL protein 
expression was localized to the membrane and cytoplasm of tumor cells. Expression 
of APRIL mRNA was increased in lung cancer sputum compared to benign lung 
disease and healthy subjects. These results support the potential role of the APRIL 
protein in lung cancer, especially NSCLC. Increased expression levels of APRIL 
mRNA in NSCLC sputum suggested that APRIL mRNA may serve as an effective 
and useful diagnostic biomarker for NSCLC [117].

NPs are increasingly used in a variety of applications, especially in the delivery 
of therapeutic and diagnostic agents. Natural biomolecules such as proteins are 
attractive alternatives to synthetic polymers that are widely used in pharmaceuticals 
for safety reasons [113]. In general, protein NPs offer many benefits, including bio-
compatibility and biodegradability. They can be made under mild conditions with-
out the use of toxic chemicals or organic solvents. NPs derived from intrinsically 
disordered proteins are biodegradable, metabolic, susceptible to surface modifica-
tion, and allow the attachment of drugs and target ligands. They have been success-
fully synthesized from a variety of proteins, including water-soluble proteins (e.g., 
bovine and human serum albumin) and insoluble proteins (e.g., zein and glia-
din) [113].

Zein is a prolamine-rich protein that contains high levels of hydrophobic amino 
acids, proline, and glutamine. This is the protein found in the proteinaceous form 
from the endosperm of corn kernels. This hydrophobic protein is widely used in 
films and coatings. Zein is an FDA-approved GRAS polymer for human use. It is 
used in the manufacture of particulate systems for drug delivery and food applica-
tions [119]. Some studies have used zein to make edible capsules and films. Zein 
protein NPs are designed to encapsulate several drugs and bioactive compounds 
such as ivermectin, coumarin, and 5-fluorouracil (5FU). A 9-day in vitro release of 
coumarin from zein nanoparticles has been reported. These studies have demon-
strated the usefulness of zein as a viable drug delivery material. Zein nanoparticles 
are also a promising delivery system for anticancer and diagnostic agents. There are 
reports of the use of zein nanoparticles with 5FU and quantum dot (QD) fluoro-
phores to enhance drug delivery and imaging of breast cancer. These multifunc-
tional QD nanoparticles are effective against breast cancer cells while providing 
high-quality imaging of cancer [119].
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2.1.3.3 Apoferritin

Apoferritin is a ubiquitous intracellular protein. It is composed of 24 subunits and 
self-assembled into a hollow nanocage with an inner diameter of 8 mm and an outer 
diameter of 12  nm [120]. The very interesting characteristics of apoferritin are 
assembly and disassembly which can be modified by changing pH conditions. At 
pH 2.0, the protein cage is dissociated into subunits, and they are reassembled at 
neutral pH [121, 122]. This phenomenon can be utilized to formulate different NPs 
for loading therapeutic and imaging agents.

Different types of apoferritin are isolated from bacteria, fungi, plants, mice, and 
humans. Mammalian apoferritin is made up of heavy (H) subunits (21 kDa) which 
play a key role in iron oxidation and light (L) subunit (19 kDa) which plays role in 
the nucleation and mineralization of iron. The subunits (H and L) are homologous 
and can form a spherical cage-like apoferritin in any proportion [123]. Apoferritin 
has different affinities for receptors. H-apoferritin binds with transferrin receptor-1 
(TfR1), and L-apoferritin binds with scavenger receptor class A member 5 
(SCARA5). Apoferritin-encapsulated nanoparticles enter cancer cells via different 
mechanisms such as micropinocytosis and clathrin-mediated [124] and receptor- 
mediated endocytosis [125]. Apoferritin is considered biocompatible, biodegrad-
able, and physiologically stable [126]. It possesses innate cancer cell targeting 
ability as it was proved to recognize TfR1, SCARA5, and chemokine (C-X-C motif) 
receptor 4 (CXCR4) which is copiously overexpressed on the surface of cancer cells 
[127, 128]. Also, the small size of the apoferritin is useful not only in overcoming 
physiological barriers but also in escaping rapid renal clearance [129].

Li et  al. in 2012 developed a multifunctional nanostructure based on ferritin, 
which was used in fluorescence and MR imaging for the diagnosis of human lung 
adenocarcinoma A549 cells [130]. Apoferritin can also be used to deliver therapeu-
tics. It was shown that daunomycin (DN) was encapsulated into the interior of hyal-
uronic acid (HA)-conjugated apoferritin nanocages for intracellular, pH-responsive 
controlled prodrug release. HA binds to the CD44 receptor and helps in targeting 
cancer cells specifically for DNA delivery [131]. Liang et al. used HFn nanocarrier 
for the target-specific delivery of doxorubicin (DOX) to HT-29 tumor cells which 
resulted in a substantial decrease in tumor growth in subcutaneous murine cancer 
models [132]. Crich SG et al. developed manganese-apoferritin complexes as very 
effective MRI contrast agents for the identification of hepatocellular carcinoma. 
Complexes were taken up by liver SCARA5 [133]. Similar strategies can also be 
applied to the diagnosis of lung cancer. In another study, Makino et al. successfully 
encapsulated gadolinium into the apoferritin cavity. When compared to the com-
mercially available contrast agent gadolinium-DOTA, it increased the T1 relaxivity 
to tenfold [134]. By conjugating the apoferritin surface with dextran, they enhanced 
in vivo blood clearance time of apoferritin, and the formulation didn’t show any 
toxicity. Recently, the bioluminescence imaging concept was developed. Luciferase 
was attached to the surface of H-ferritin (Hfn) using disulfide-containing linker 
(Luc-linker@HFn) which undergoes an intramolecular cyclization reaction in the 
presence of glutathione, a reducing agent in the cytosol, which releases luciferin. 
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This method overcomes the problems involved in regular fluorescence imaging such 
as no background signal, no photobleaching, and phototoxicity. It offers extended 
and efficient imaging [135].

2.1.3.4 Liposomes

A liposome is one of the most successful nano-based drug delivery systems on the 
market to date, with several FDA-approved liposome formulations [136]. Liposomes 
are self-assembled carriers with an outer hydrophobic lipid layer and a hydrophilic 
core. Liposomes can be produced in a variety of sizes from 50 nm to over 1000 nm, 
depending on the composition of the phospholipids and cholesterol molecules used. 
Liposomal formulations deliver the drug using specific targeting strategies, includ-
ing passive targeting, active targeting, stimuli-responsive targeting, heat-responsive 
targeting, magnetic responsive targeting, and pH-responsive targeting [137]. This 
target specificity can improve pharmacokinetic and pharmacodynamic profiles, sus-
tained and controlled release of the drug, diagnostic agents, reduced side effects, 
and reduced toxicity compared to free drug solutions [138]. In the future, it will 
increase the bioavailability of anticancer drugs, especially at the target site, reduce 
toxicity, and provide an overall improved therapeutic response [139, 140].

Traditional liposomes, also known as C-liposomes, are composed of cholesterol 
and lipids (negatively charged or neutral). These liposomes are taken up by the 
reticuloendothelial system (RES) and serum protein (opsonin). “Intelligent lipo-
somes” can overcome these problems and can be gradually used as an active ingre-
dient delivery system for the treatment of lung cancer. These liposomes contain a 
phospholipid bilayer, and surface modifications are covered with other molecules 
[141]. Intelligent liposomes not only have the potential to attack cancer cells but 
also reduce multidrug resistance (MDR). An advanced liposome formulation that 
combines pH-sensitive targeting and mitochondrial targeting strategies to prevent 
the supply of energy and trigger the apoptotic effect of resistant cancer cells has 
been developed [116]. Long-term circulating liposomes, also called stealth lipo-
somes, are becoming more important in the treatment of lung cancer. Stealth lipo-
somes have longer circulation and drug retention times, thereby increasing the drug 
concentration at the target site and its interaction with the receptor molecule [142].

Prasad et al. (2021) prepared liposomal nanotheranostics in which gold nanopar-
ticles (AuNP) and luminescent graphene quantum dots (GQD) were encapsulated 
with a chemotherapeutic agent [143]. The surface of the liposome was functional-
ized with folic acid for targeted delivery. The prepared targeted liposome theranos-
tics showed site-specific tumor diagnosis and photo-induced tumor resection. The 
study results confirmed significant contrasting and therapeutic effects of nanother-
anostics liposomes with specific and enhanced cell uptake, long-term internaliza-
tion in tumors, and dual imaging probes [143]. The synergistic and photothermal 
effects of anticancer drugs showed superior tumor impedance as opposed to treat-
ment alone. In addition, these multi-component-loaded liposomes exhibit good col-
loidal stability, biocompatibility, and biodegradability, as shown by in vivo imaging. 
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Therefore, the developed nanohybrid liposome nanotheranostics served as a safe 
and highly potential platform for multifunctional tumor diagnosis and targeted 
therapy.

Another interesting study addressed two major challenges in the treatment of 
NSCLC: the very serious problem of resistance to brain metastases (BM) and tyro-
sine kinase inhibitors (TKIs). Yin et al. have developed a dual-targeting liposome 
system for coadministration of gefitinib and simvastatin for the treatment of BM in 
NSCLC [144]. In this study, fluorescent imaging was used to confirm that dual- 
targeted liposomes have the powerful ability to efficiently cross the blood-brain 
barrier and reverse drug resistance. Therefore, the developed liposome product rep-
resents a potential strategy for treating patients with advanced NSCLC in BM.

2.1.3.5 Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) improve the bioavailability of the drug and provide 
a large surface area with more drug load and protection of the drug from the envi-
ronment. Therefore, one can realize two obvious benefits. It improves encapsulation 
efficiency [145] and releases the targeted active ingredient [146], resulting in lower 
active ingredient consumption during the pharmaceutical process [147]. Of all NP 
delivery systems, SLN has the properties of polymer NPs, liposomes, and fatty 
emulsions, making SLN the vehicle of choice for drug and diagnostic agents’ deliv-
ery. Disadvantages associated with SLNs are the growth of lipid particles, polymor-
phic transitions, propensity for gelation, and essentially low uptake due to the 
crystal structure of solid lipids [148, 149]. Lipid NPs are usually composed of bio-
compatible lipids and natural surfactants. Common solid lipids used in the produc-
tion of SLNs include triglycerides (Compritol 888 ATO and Dynasan, beeswax, 
carnauba wax, cetyl alcohol, emulsified wax, cholesterol, cholesterol butyrate, etc.). 
The surface of these lipid NPs can be easily modified by ligands to increase the 
targeting efficiency of this delivery system. This makes this system useful for active 
targeting [150, 151].

SLN has spherical morphology with a particle size range of 50–1000 nm. It is 
shown that SLNs are composed of approximately 0.1–30 (% w/w) solid lipids dis-
persed in the aqueous phase. Surfactants are used at concentrations of approxi-
mately 0.5–5% to increase stability [148, 149]. Solid lipid nanoparticles (SLNs) 
belong to the class of NP systems. It is composed of lipids that remain solid at body 
temperature and room temperature [152]. SLN has several advantages over other 
colloidal carriers, such as biotoxicity and avoidance of first-pass effects.

NP-based delivery vehicles hold great promise for intracellular targeting applica-
tions by modifying cell signaling and gene expression. Currently, the focus is on the 
synthesis of ultra-SLN that targets tumors. SLN has been used to improve the bio-
availability of anticancer drugs such as etoposide, idarubicin, and doxorubicin [151].

SLN has been studied for the integration of many contrast agents, especially 
superparamagnetic iron oxide, technetium-99 (99 mTc), 64Cu, and quantum dots. 
Recently, a study of SLN cancer treatment in which SLN was encapsulated in QD 
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as a contrast medium was published. The chemotherapeutic drug was a combination 
of paclitaxel and siRNA. The solid lipid matrix was interspersed with paclitaxel and 
QD, and the anionic siRNA was electrostatically bound to the cationic outer surface 
[153]. The combination of the double therapeutic drug paclitaxel loaded into SLN 
and siRNA was efficiently accumulated in lung cancer and showed synergistic anti-
cancer activity. Importantly, the QD fluorescence of SLN has made it possible to 
track higher cellular uptake of SLN in vivo onsite and reduce offsite uptake into 
cancer cells. This study confirms the potential therapeutic potential of SLN as a 
nanocarrier [153]. Another research study conducted by Andreozzi and his col-
leagues is clear evidence of SLN’s multifunctional therapeutic potential. The radio-
actively labeled SLN with 64Cu and evaluated its biodistribution by in  vivo 
quantitative assessment, PET imaging, and ex  vivo gamma counting [154]. The 
results of the study confirmed the possibility of in vivo imaging of SLN theranostic 
and tumor resection at the same time. It is safe, biocompatible, and also biodegrad-
able. The number of research studies conducted to date is very limited, and some 
other important aspects of SLN also need to be thoroughly investigated from a can-
cer theranostic perspective, including stimulation of lymphatic absorption by 
SLN. Any literature we discuss confirms efficient in vivo imaging and drug delivery 
using SLN, along with safe theranostic applications, biocompatibility, and biode-
gradability of the developed nanomedicines. The results showed that the theranostic 
nanoform developed by SLN is optimistic for making an outstanding contribution 
in the field of cancer treatment with simultaneous diagnosis [154].

Lung tumors are of particular interest because they can be treated with SLN, 
which is administered directly to the lungs by inhalation. However, this form of 
treatment is associated with certain restrictions, such as short residence times and 
poor tolerability, as a result of the uncontrolled release of the active ingredient 
[155]. In this regard, paclitaxel loaded into SLN has been used to reverse some of 
these limitations, which is a manufactured SLN coated with a polymer formed from 
polyfolate (ethylene glycol) and chitosan [156]. SLN was previously developed for 
the treatment and diagnosis of cancer. It has many technical advantages, including 
rapid cellular uptake, protection from chemical degradation of compounds, and 
potential for large-scale production [157, 158].

3  Conclusion

Lung cancer remained one of the most noxious among all cancer types due to het-
erogenicity, late-stage diagnosis, and challenges in diagnosis such as lack of accu-
rate screening methods. The pharmaceutical and biomedical researcher’s work is 
focused on developing an effective diagnostic product to treat lung cancer patients. 
Other limiting factors include nonspecificity and side effects of the diagnostic agent. 
Nanotechnology offers solutions to overcome the challenges associated with a diag-
nosis of lung cancer due to its unique properties such as physiochemical, biological, 
and mechanical properties. Nanomaterials from inorganic, organic, and protein 
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sources can be used to deliver the diagnostic agent to the lung cancer tissue for 
diagnosis. Polymeric and lipid-based materials are widely used as nanocarriers for 
the delivery of diagnostic as well as therapeutic agents. They can be conjugated with 
targeting ligands, functional groups, and load imaging agents, therapeutic agents 
with extended release. Biocompatible and biodegradable excipient used needs to be 
considered in the formulation of NP-based diagnostic agents. Metal NPs are broadly 
used in theranostic applications. The toxicity associated with metals is a primary 
concern in their use. Protein-based NPs and viral particles recently gained a lot of 
interest and applications in biomedical sciences. These NPs are biocompatible, are 
stable, and can reach tissue or cellular targets. Protein-based NPs and viral particles 
have a few critical challenges to address such as immunogenicity and difficulties in 
purification. Despite many advantages offered by NPs, the risk factors and toxic 
effects associated with their long-term use, increasing dose, and the time of expo-
sure risks need to be thoroughly analyzed. By optimizing NP properties such as 
size, shape, surface type, and charge, the toxicity can be circumvented. Also, NPs’ 
cellular uptake mechanisms and subcellular localization properties can be utilized 
in designing effective NPs. Genetic engineering can be utilized to create viral par-
ticles with various functional groups for diagnosis and drug delivery applications. 
Further interdisciplinary in  vitro and in  vivo studies should be performed with 
NP-based diagnostic products. The understanding of the pathophysiology of lung 
cancer diseases and the properties of NPs will assist in the development of new 
diagnostic products.
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Role of Electrospun Nanofibers in Cancer 
Detection and Treatment

Lohitha Kalluri and Yuanyuan Duan

1  Introduction

Cancer is an extensively prevalent disease worldwide. It results from the DNA 
mutations within a cell or a group of cells, instigating abnormal proliferation of 
cells with an ability to invade other normal tissues or organs. Epidemiological stud-
ies showed that certain risk factors would lead to DNA mutations within a cell, 
causing cancer. National cancer institute delineated several suspected cancer risk 
factors that include aging, alcohol, chronic inflammation, obesity, radiation, sun-
light, tobacco, etc. [1, 2]. Understanding the risk factors and cancer etiology is cru-
cial in devising the cancer-preventive and treatment protocols. In the United States, 
in 2014, evaluated risk factors were found to be attributed to around 42.0% of all 
cancer incidence cases (659,640 of 1,570,975 cancers, excluding nonmelanoma 
skin cancers) and 45.1% of cancer deaths (265,150 of 587,521 deaths) [3]. 
Theoretically, lowering the risk factor exposure to zero would prevent cancer. 
However, that’s practically impossible with the current lifestyle and environmental 
conditions. Also, exposure to certain risk factors such as aging, sunlight, etc. is 
inevitable. Cancer risk is the sum of a blend of genetic and environmental factors, 
such as behavioral, lifestyle, and environmental exposures. It is difficult to quantify 
the effect of the magnitude of a single risk factor. However, cancers require substan-
tial time to develop after exposure to risk factors [4]. Thus, additional strategies 
such as early identification, prevention, and treatment protocols need to be devel-
oped to intervene in the disease progression and combat this deadly disease.
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Metastasis or the spread of cancer cells to other organs is the primary reason for 
death in cancer patients. The GLOBOCAN estimates reported 19.3 million new 
cases of cancer and nearly ten million deaths from cancer in 2020. Also, they pro-
jected a 47% increase in incidence rates by 2040 due to growth and population 
aging along with an increased prevalence of risk factors [5]. The past two decades 
had witnessed rapid progress in cancer research. Despite the favorable progress in 
in vitro and clinical cancer research relating to its molecular and genetic mecha-
nisms as well as the diagnostic, preventive, and treatment techniques, the disease 
reduction rates and mortality rates remained the same as what was observed 50 years 
ago. This might be attributed to the complex nature of the disease affecting nearly 
every tissue lineage in our bodies, and arising from normal cells as a consequence 
of diverse mutations affecting numerous genes. Owing to such complexity, con-
quering cancer poses quite a challenge to modern science [6]. Thus, there is an 
ongoing quest for novel screening, preventive, diagnostic, and treatment techniques 
to stop this widely prevalent deadly disease.

For the past two decades, electrospinning technology was adopted to construct 
tissue-engineered nanofibrous structures due to its ability to closely mimic the 
mechanical and functional properties of the extracellular matrix of natural tissues 
[7, 8]. Also, electrospraying technology was widely investigated to generate 
micro−/nanoparticles for drug delivery applications, with controlled particle 
agglomeration and high yields [9]. Electrospinning and electrospraying technolo-
gies are based on an electrohydrodynamic process, wherein a droplet of polymer 
solution or polymer melt is charged to create a jet, which is later stretched and 
elongated under external electrostatic force to generate fibers or particles, respec-
tively. The chain entanglement density of polymer liquid used in these techniques 
dictates the formation of fibers or particles and thus distinct electrospinning and 
electrospraying technologies [10]. Lately, these technologies are being explored for 
producing nanofibers/nanoparticles in cancer research. The electrospun nanofibers 
have been investigated as ultrasensitive biosensors in cancer research due to their 
higher surface-area-to-volume ratio, controllable surface conformation, flexible 
surface modifications, and high biocompatibility. Furthermore, electrospun fiber 
matrices served as 3D scaffolds for the fabrication of in vitro tumor models and to 
study drug delivery approaches. Additionally, the production of drug-loaded coaxial 
nanofibers using coaxial electrospinning technology aided in theranostic applica-
tions, wherein the one-step loading of a combination of drugs within fibers facili-
tated the use of one radioactive drug to identify cancerous cells, and a second 
radioactive drug to deliver therapy to treat the main tumor and any metastatic tumors 
[7, 11–21].

In this chapter, the role and importance of electrospun micro−/nanofibers in vari-
ous aspects of cancer disease research including sensing and diagnosis of cancerous 
cells, applications in theranostics, 3D in vitro tumor models fabrication, and deliv-
ery of chemotherapeutic agents will be discussed. Furthermore, current challenges 
and probable future applications of these nanofibers in cancer diagnosis and treat-
ment will be discussed.
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2  Role of Electrospun Fibers in Cancer Detection

In cancer conditions, it is essential to diagnose the disease as early as possible to 
favor treatment and prognosis and to avoid metastasis. Currently, biosensors and 
imaging modalities are the common modalities used to detect cancer onset at early 
stages. With the advances in nanotechnology, nanoscale transducers were intro-
duced to improve the sensitivity and accuracy of biosensors. Nanoscale fibrous 
membranes as small as 10 nm in diameter can be fabricated by the electrospinning 
process. As a consequence, there has been plenty of recent progress in the develop-
ment of biosensors for cancer detection involving electrospinning [22, 23].

2.1  Electrospun Fiber-Based Biosensors

Biomarkers are measurable molecules present in a person’s blood, saliva, or other 
body fluids, and might include genetic mutations, other changes in DNA, and abnor-
malities in proteins or other biological molecules that indicate the presence of an 
anomaly. Certain biomarkers are present in higher quantities in persons with cancer 
compared to healthy people, thus aiding in the diagnosis, treatment planning, and 
prognosis for a patient [24, 25]. For instance, BRCA1- and BRCA2-inherited gene 
mutations can be detected in blood samples, and they indicate high risks of breast 
and ovarian cancers [26]. Also, biomarkers could allow differentiation between can-
cers, premalignant lesions that need to be treated, and other benign lesions. 
Additionally, detection of specific biomarkers that are crucial in cancer developing 
and progressing mechanisms would aid in devising the preventive and treatment 
protocols by impeding those biological mechanisms causing cancer [22]. Thus, it is 
important to accurately identify or sense the minor quantities of these biomarkers 
that are present in a patient’s body fluids for early diagnosis of cancer.

Circulating Tumor Cell (CTC) Biomarkers
Usually, in the early disease process, several cancerous tumors shed either the intra-
cellular molecules, cellular fragments, or whole cells, into the surrounding environ-
ment. Quite often, these substances can be detected in the blood, feces, or other 
body fluids, thus presenting the possibility for easier and less-invasive cancer detec-
tion methods. A specific biomarker, “tumor cell DNA” circulating in the blood, has 
been the focus of interest lately. It is also termed as “circulating tumor DNA,” or 
“ctDNA.” This DNA is quite evident by key mutations or certain other abnormali-
ties found in the DNA of intact tumor cells [27–31]. Although these findings are 
promising, several technical challenges, including increasing the sensitivity of 
ctDNA/biomarker detection, still need to be improved.

In addition to ctDNA, hypoxia sensing is also crucial in detecting solid tumors. 
The tumor microenvironment will be hypoxic due to disparity between increased O2 
demand by uncontrolled proliferation of cells and reduced O2 supply by disorga-
nized vasculature structure, causing areas with reduced pO2. Tumor cells utilize a 
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cellular response driven by oxygen sensors that alters a variety of gene expression 
networks, allowing cells to alter their metabolism, evade natural defenses, and 
invade the surrounding tissue [32]. Thus, various research groups are investigating 
the underlying mechanism of how oxygen sensors facilitate adaptation to hypoxic 
conditions and how these mechanisms could be targeted to improve disease out-
comes across various cancer types [32–34]. Furthermore, other biomolecules such 
as microRNAs, proteins, serum microvesicles, etc. could be monitored for cancer 
diagnosis and prognosis.

The biosensor consists of a bioreceptor and a transducer. A bioreceptor is a 
device that interacts with the specific biomarker of interest to produce an effect that 
can be measured by the transducer. The bioreceptor should have high selectivity and 
sensitivity for the analyte among various other chemical or biological components 
[35]. The unique characteristics of electrospun fibers as one-dimensional confine-
ment, large interconnected and tailored pore geometries, nanoscale fibers with high 
specific surface area, and the ability to functionalize as well as customize the fibers 
with desired composite materials, etc. make them an effective bioreceptor for bio-
sensing applications. Also, the ability to highly align these fibers in a uniaxial direc-
tion by using rotating electrospinning collectors controls the electrical diffusion, 
and further aids in enhancing their specificity and sensitivity [36, 37].

Electrospinning is a simple inexpensive technique that can be carried out using 
minimal equipment setup. The setup comprises a syringe pump, a spinneret, a high- 
voltage power supply, and a collector (Fig. 1) [8]. In summary, a polymer solution 
will be loaded into the syringe attached to the spinneret and will be ejected at a 
constant flow rate using a syringe pump. The polymer droplet that is ejected at the 
tip of the spinneret will be charged due to the application of a high voltage on the 
spinneret. The charged polymer droplet will produce nanofibers due to the columbic 
repulsive forces within a charged droplet. These nanofibers will fly toward the 
grounded collector plate and are deposited on the collector plate due to the potential 
difference created between high-voltage spinneret and grounded collector. The 

Spinneret Syringe 
pump Plate Collector 

High voltage power 
supply 

Fig. 1 Schematic of electrospinning equipment setup. (Reproduced with permission [8])
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nanofibers with tunable diameters and properties can be prepared by altering the 
solution properties and various electrospinning parameters.

Additionally, these electrospun nanofibers present with a large surface area and 
are readily modifiable with desired functional groups and various biorecognition 
molecules. Several approaches could be used to incorporate the functional entities 
within the electrospun fibers, including the utilization of inherent properties of the 
natural polymer, by blending bioactive additives into the electrospinning solution, 
and post-modification of electrospun fibrous mats. These approaches could also be 
used to achieve multiple functional entities within a single nanofiber [36, 38].

Also, the electrospinning process produces three-dimensional porous nanofi-
brous mats that are relatively easier to handle than other unidimensional structures, 
yet retain the advantages and properties of those unidimensional structures. On 
incorporation into microchannels, these nanofibrous structures can spread through-
out the entire microchannel volume, and provide multiple numerous reaction sites 
within a small enclosed space. Besides, unlike unidimensional and two-dimensional 
nanomaterials, these nanofiber mats will retain the functional entities in position 
and will facilitate the uniform distribution of these entities by preventing agglom-
eration under varying experimental conditions. Consequently, they are quite useful 
as biosensors in cancer diagnosis and provide effective cell capturing and ultrasen-
sitive detection of biomarkers within a broad range of quantities. Also, they assist in 
minimizing the response times and provide faster results [39].

Lastly, the morphology and functional properties of electrospun nanofibers can 
be easily regulated by controlling the polymer solution properties and electrospin-
ning conditions. As an instance, narrow-diameter fibers can be produced by using 
low polymer concentrations, low molecular weight polymers, lower flow rates, and 
high applied voltages. Moreover, electrospun micro-fibrous mats contain greater 
pore sizes when compared to nanofibrous mats, which provides the flexibility to 
incorporate electrospun nanofibers as functional elements within the microfluidic 
chip for cancer diagnostic systems. For example, an electrospun fibrous mat having 
a greater pore diameter than the tumor cells would be appropriate for affinity-based 
capturing, while a smaller pore size fibrous mat would be appropriate for detecting 
or capturing cancer biomarkers such as proteins [36, 40].

Owing to the abovementioned advantages of electrospun nanofibers, several 
research groups investigated and developed biosensors based on electrospun nano-
fibers as listed in Table 1. Though the performance of electrospun nanofiber-based 
biosensors is quite impressive, there are several limitations as low throughput and 
poor mechanical properties observed over time.

2.2  Microfluidic Techniques

The limitations of nanofiber-based biosensors as low throughput and poor mechani-
cal properties could be addressed by the integration of these nanofibers with micro-
fluidic systems. Within the microfluidic systems, electrospun nanofibers could be 
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Table 1 Electrospun fiber-based biosensors for identification of a specific biomarker

Electrospun nanofiber materials Sensing biomarker Sensitivity References

Coaxial fibers – Polycaprolactone 
shell with tris (4,7-diphenyl-1,10- 
phenanthroline) ruthenium (II) 
and platinum octaethyl porphyrin 
dissolved in 
polydimethylsiloxane core

Real-time oxygen 
sensors

< 0.5 s response [20]

Anti-epidermal growth factor 
receptor-conjugated mesoporous 
zinc oxide nanofibers

Breast cancer 
biomarkers – 
ErbB2; EGFR2

7.76 kΩ/μM; 1 fM 
(4.34 × 10−5 ng/mL); 
response within 128 sec 
for 1.0 fM–0.5 μM test 
range

[11]

Anti-ErbB2 immobilized porous 
hierarchical graphene foam 
modified with electrospun 
carbon-doped titanium dioxide 
nanofibers

Breast cancer 
biomarker – ErbB2

0.585 μA/μM/cm2 and 
43.7 kΩ/μM/cm2 as 
quantified by differential 
pulse voltammetry and 
electrochemical 
impedance spectroscopy, 
respectively

[41]

Carbon nanotubes embedded in 
zinc oxide nanowires

Carcinoma 
antigen-125

Sensitivity -(90.14 μA/
(U/mL)/cm2) with a 
detection limit of 
0.00113UmL−1 
concentration as 
quantified by differential 
voltammetry technique

[16]

Poly(3,4-ethylene 
dioxythiophene): Poly(4-styrene 
sulfonate)/polyvinyl alcohol 
nanofiber decorated conducting 
paper

Carcinoembryonic 
antigen

Linear detection range, 
0.2–25 ng/ml;
Sensitivity, 14.2 μA.Ml/
ng.cm2

[42]

FITC-labeled MMP-9-specific 
peptides were covalently 
immobilized on a polystyrene/
poly(styrene-alt-maleic 
anhydride) electrospun 
nanofibrous mat

Matrix 
metalloproteinase 
(MMP)-9

Faster response time 
(30 min) and lower 
detection limit (10 pM)

[43]

Polyvinyl alcohol/polyacrylic 
acid nanofibers

pH changes 74 mV/pH [44]

used as a substrate to increase the available surface for immobilization and thereby 
increase their sensitivity [45]. On the foundation of the integration of electrospun 
fibers with microfluidics, second-generation Nano Velcro CTC chips were devel-
oped to capture CTCs with high efficiency and enable highly specific isolation of 
single CTCs immobilized on the nanosubstrates without contamination. The 
second- generation Nano Velcro CTC chips comprise transparent PLGA-nanofiber-
embedded substrate that was prepared by electrospinning PLGA nanofibers onto a 
commercial laser microdissection slide. These Nano Velcro chips are useful in cap-
turing CTCs from several types of solid tumors like melanoma, breast, lung, 
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prostate, and pancreatic cancers [46–48]. Since microfluidics in conjunction with 
electrospun fibers showed high accuracy and sensitivity in detecting cancer bio-
markers at low concentrations, the focus of interest lately is the quantification of 
these detected cancer biomarkers for assessment of cancer prognosis [11, 41].

3  Role of Electrospun Fibers in the Construction of 3D 
In Vitro Tumor Models

It is quite challenging to mimic the 3D microenvironment of tumor cells to explore 
the complexity of the in vivo system. Traditional in vitro tumor models have long 
suffered from oversimplification, predominantly by the use of a nonphysiological 
substrate with conditions that do not match the disease. It is quite evident that a 
monolayer of cancer cells on polystyrene culture plates does not replicate the in vivo 
environment of the whole tumor. Substituting animal models with traditional in vitro 
tumor models also presents their limitations, either stemming from the disparity in 
the underlying biology of the animal subject or the lack of control over certain 
desired experimental conditions [49]. Thus, it is really important to construct the 
closest 3D in  vitro system to the native extracellular matrix and tumor 
microenvironment.

A variety of 3D scaffolds as nanoparticles, hydrogel-based 3D scaffolds, micro-
spheres, and electrospun fibers have been investigated for in  vitro tumor model 
applications. Most of the investigated in vitro 3D tumor model systems have unde-
sirable functionalities and unfavorable micro−/macrostructures [50, 51]. Within 
these in vitro systems, electrospun nanofibrous systems containing nanometer to a 
sub-micrometer range of nanofiber diameters are deemed to promote greater cell- 
cell and cell-matrix interactions as they resemble the collagen fibrils present within 
the microenvironment of a cancerous tumor [52]. Further surface modification of 
these micro−/nanoscale electrospun fibers with peptides or extracellular matrix pro-
teins offers a closer resemblance to the tumor extracellular matrix. The feasibility of 
encapsulating a wide range and combination of anticancer drugs, modification of 
surfaces with desired functionalities, tunable fiber alignment, and ability to electro-
spun 3D fibrous scaffolds aids in the fabrication of rationale 3D in  vitro cancer 
models that could better simulate the in vivo tumor microenvironment [53, 54].

4  Role of Electrospun Fibers in Cancer Therapeutics

The chemotherapeutic agents administered for cancer treatment are cytotoxic and 
often require high systemic dose administration to maintain the required local con-
centration during the treatment period. The need for higher dosages increases the 
risk of adverse side effects and toxicity to nontumorigenic healthy cells. Additionally, 
owing to the limited extravasation of drugs from the bloodstream, it is difficult for 
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drugs that are administered systemically to reach the desired target tissue. Thus, to 
prevent such adverse effects, and to reduce the risk of cytotoxicity, local delivery of 
chemotherapeutic agents to the location of cancerous tumor is desirable [6].

The local administration or implantation of chemotherapeutic agent-loaded 
fibrous meshes can be achieved by the following methods. One technique is the 
implantation of chemotherapeutic agent-loaded fibrous mats within the tumor bed 
after localization of tumor using magnetic resonance imaging. Another technique is 
the implantation of chemotherapeutic agent-loaded electrospun fibrous mats into 
the postoperative tumor cavity immediately following resection of tumors, to eradi-
cate residual cancerous cells and prevent cancer recurrence. The final technique is 
the intra-tumoral injection of drug-loaded fragmented nanofibers (obtained by cryo-
genic sectioning or fragmentation of aligned electrospun fibers) [17].

Various electrospinning techniques such as blend electrospinning, coaxial elec-
trospinning, triaxial electrospinning, etc. were investigated for the incorporation of 
chemotherapeutic agents within nanofibrous meshes. In the blend electrospinning 
process, bioactive reagents are blended with aqueous polymer solutions prior to the 
electrospinning process, resulting in the concentration of these bioactive molecules 
on or near the surface of the nanofibers. This results in a reduction of bioactivity as 
well as a burst release profile of the blended bioactive agents. Further investigations 
on sustained drug release mechanisms using blend electrospinning process reported 
that the reduction in burst release of encapsulated drugs could be achieved by mix-
ing hydrophilic and hydrophobic biopolymers in various ratios [55].

Apart from blend electrospinning, coaxial fibers prepared via coaxial electros-
pinning enable more sustained drug release profiles and reduce the burst release of 
encapsulated drugs. By utilizing the coaxial electrospinning process, two or more 
materials can be electrospun simultaneously. In the coaxial electrospinning process, 
various polymer solutions were introduced into their respective individual tubes to 
fabricate core-shell-structured fibers via a coaxial spinneret. The presence of the 
shell layer surrounding the core layer in core-shell fibers will limit the burst release 
and facilitate the sustained release of encapsulated biomolecules from the core 
layer. Additionally, multiple drugs can be encapsulated concurrently into core-shell 
nanofibers with one drug in the core region, and the other in the shell region. Another 
advantage of the core-shell nanofibrous scaffold is that it can temporarily protect a 
certain unstable bioactive agent from a destructive microenvironment of a tumor [56].

Usually, sustained release of bioactive agents/drugs loaded in the core region of 
coaxial nanofibers occurs only when the outer shell material is hydrophobic. If the 
shell material is hydrophilic, there will be a relatively rapid release of encapsulated 
bioactive agents, resembling the burst release profile. This has limited the in vivo 
application potential of coaxial nanofiber-mediated drug delivery systems as the 
majority of natural degradable polymeric biomaterials including collagen, gelatin, 
albumin, peptides, etc. that are preferred for the shell layer are hydrophilic [57]. 
Though synthetic polymers such as PCL and PLGA were used lately as shell mate-
rials, natural biopolymers are preferred and more biocompatible than synthetic 
polymers. Furthermore, the acidic microenvironment created in vivo by the degra-
dation products of synthetic polymers is reported to decrease the bioactivity of 

L. Kalluri and Y. Duan



269

released bioactive agents that are encapsulated within the core region. To resolve 
this issue, triaxial structured electrospun nanofibrous mats were introduced for the 
controlled dual release of biomolecules. In triaxial structured coaxial fibers, the core 
area comprises one chemotherapeutic drug, the middle layer is made of a hydropho-
bic biodegradable polymer such as PCL, PLGA, etc., and the outer shell layer con-
sists of a hydrophilic polymer loaded with a second bioactive agent. Owing to the 
presence of a hydrophobic buffer region in the middle region of a triaxial structure, 
around 24-fold slower drug release profile was reported in comparison with the 
coaxial fibers. Furthermore, an initial desired burst release of about 80% could be 
achieved by loading the desired bioactive agent in the outer hydrophilic region. 
Thus, the desired drug release profiles could be tailored to meet the specific require-
ments by the use of triaxial structured nanofibers [58].

Furthermore, incorporating nanospheres/micelles into the core-sheath-structured 
electrospun nanofibrous mats will improve the micelle stability and can promote an 
extended release in comparison with micellar formulations [59–61]. Yang et  al. 
developed and reported an implantable localized drug delivery device for cancer. 
This device is prepared using coaxial electrospinning technique using cross-linked 
gelatin fibers to encapsulate drug-loaded micelles (mixture of PVA- and DOX- 
loaded active-targeting micelles assembled from a folate-conjugated PCL/PEG 
copolymer). The degradation of the gelatin nanofibrous matrix enables the sustained 
release of the micelles into implanted tumors, and the released micelles will concen-
trate around the cancer cells and will enter the cells through folate receptor- mediated 
endocytosis mechanism [59, 60].

Lately, multilayered electrospun nanofiber-based drug delivery devices were 
developed to meet the clinical application demands. These 3D nanofiber-based drug 
delivery devices facilitate good control over the sustained release of encapsulated 
agents. Within these multilayered structures, the nanofibrous layer that does not 
contain any biomolecules or hydrophilic components will serve as a barrier to 
impede water diffusion, and subsequently delay the release of drugs from the other 
drug-loaded nanofibrous layers [6, 24, 62].

Several research groups developed and investigated the chemotherapeutic agents 
within nanofibrous devices for controlled and sustained release at implanted loca-
tions, and they are tabulated in Table 2. However, all these local devices were either 
at developmental, in vitro/in vivo research stages, or preclinical trials and are not yet 
available for use in clinical practice.

5  Role of Nanofibers in Theranostic Applications

Cancer theranostics is a novel concept of blending the diagnostic and therapeutic 
features within a single device or a system. Magnetic nanoparticles are a vital part 
of these systems due to their ability to respond to an external magnetic field. These 
magnetic nanoparticles will generate heat on application/exposure to an alternating 
magnetic field, and thus enhance image contrast in magnetic resonance imaging. 
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Table 2 Chemotherapeutic agent-loaded electrospun nanofibrous local drug delivery devices 
developed and investigated by several research groups for cancer treatment

Anticancer drug Electrospun fibers Type of cancer cells References

Paclitaxel PLGA; chitosan/
PEO

C6 glioma cell line; 
prostate cancer

[18]

Ibuprofen outside mesoporous 
silica nanoparticles (MSN) and 
doxorubicin and sodium 
bicarbonate-loaded MSNs

PLLA Human hepatocellular 
carcinoma HuH-7 cell 
line

[63]

1,3-Bis(2-chloroethyl)-1- 
nitrosourea

PEG-PLLA Glioma C6 cells [64]

Doxorubicin and doxorubicin- 
loaded mesoporous silica 
nanoparticles

PLLA Triple-negative human 
breast cancer cell line 
(MDA-MB-231)

[65]

Daunorubicin Poly(N-isopropyl 
acrylamide)-co- 
polystyrene

Leukemia [66]

Daunorubicin and Fe3O4 
nanoparticles

PLA Leukemia cancer cells [67]

Paclitaxel and doxorubicin PEG-PLA Glioma C6 cells [19]
Titanocene dichloride PLLA Human lung tumor 

SPCA-1 cells
[12]

CPT11, SN-38 PCL/PGC-C18 Human colorectal cell 
line (HT-29)

[68]

5-Aminolevulinic acid PVA HuCC-T1 
cholangiocarcinoma 
cells

[21]

Hydroxycamptothecin PEG-PDLA HepG-2 hepatoma cells [14]
Fe3O4 nanoparticles Chitosan Colon adenocarcinoma [69]
MMP-2 RNAi plasmid and 
paclitaxel

Polyethylenimine/
DNA nanoparticles/
PLGA

Brain tumor [70]

Doxorubicin and camptothecin PLGA/gelatin/ZnO 
nanospheres

HepG-2 liver cancer 
cells

[62]

Hydroxycamptothecin loaded into 
hydroxyapatite nanoparticles and 
doxorubicin loaded into 
mesoporous silica nanoparticles 
(DOX@MSNs)

PLGA HeLa human cervical 
cancer cells

[71]

Cyclophosphamide and 
oxaliplatin

PLA Human hepatocellular 
carcinoma (HCC) cells

[72]

Sodium dichloroacetate and 
diisopropylamine dichloroacetate

PLA C26 colon carcinoma 
cells

[73]

Combretastatin A-4 and 
hydroxycamptothecin

PEG-PLA Breast cancer [15]

5-fluorouracil and oxaliplatin PLA HCT-8 human colorectal 
cancer cells and C26 
colon carcinoma cells

[74]

(continued)
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Table 2 (continued)

Anticancer drug Electrospun fibers Type of cancer cells References

Cisplatin PEO/PLA; PCL/
PGC-C18

Murine cervical cancer 
U14 cells;
Lewis lung carcinoma 
murine cell line

[75]
[13]

Pt(IV) prodrug-backboned 
micelle and dichloroacetate

PVA HeLa human cervical 
cancer cells

[76]

Temozolomide PLGA/PLA/PCL Recurrent glioblastoma [17]

Abbreviations: MMP-2 matrix metalloproteinase-2, PCL poly(ε-caprolactone), PEO poly(ethylene 
oxide), PEG poly(ethylene glycol), PGC-C18 poly(glycerol monostearate-co-ε-caprolactone), 
PLA poly(lactic acid), PLLA poly(L-lactic acid), PLGA poly(lactic-co-glycolic acid), PVA 
poly(vinyl alcohol)

The direct administration of these magnetic nanoparticles into the tumor or by intra-
venous administration can lead to undesired side effects due to leakage to adjacent 
healthy tissues. However, retaining these particles in a polymeric nanofibrous mesh 
prevents the leakage or loss of these particles. Also, implanting these magnetic 
nanoparticle-loaded nanofibers in the tumor site ensures high magnetic nanoparticle 
loading, and enhances magnetic response. In addition, loading these magnetic 
nanoparticle-loaded polymeric nanofibers with chemotherapeutic agents via emul-
sion or coaxial electrospinning enables sustained drug release in the tumor site. 
Therefore, a magnetic polymeric drug-loaded nanofiber produced by electrospin-
ning is an ideal nanosystem for cancer theranostic application [77, 78].

6  Conclusion

Despite rapid progress in cancer research, many electrospun fiber-based devices are 
still in preclinical research. Cancer research is an ongoing advancing field and will 
require much more testing before its clinical use in full potential. However, with 
increasing global incidence and prevalence rates of cancer, there is an urgent need 
for developing a viable strategy to rapidly translate the utilization of electrospun 
nanofiber-based devices from lab research to clinical trials for declining the cancer 
incidence and prevalence rates.

Despite the favorable progress on the production of electrospun nanofibrous 3D 
scaffolds, engineering 3D in vitro cancer models is still a challenge to simulate the 
exact physiology and microenvironment of solid tumors owing to the variation in 
their genotypic and phenotypic characteristics. In the future, an amalgamation of 
electrospinning with a 3D bioprinting technique might provide a valuable tool to 
engineer and develop an elaborated 3D in vitro cancer model for the complete and 
accurate understanding of cancer initiation mechanisms, biomarkers, and drug 
delivery systems.
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Biocompatibility and Toxicity Perspective 
for the Development of Nanomaterials 
for Cancer Detection and Treatment

Hatice Gamze Sogukomerogullari and Tugba Taskin-Tok

1  Introduction

When common critical diseases are evaluated throughout the world, cancer is at the 
beginning of these diseases. Cancer is a type of disease that reduces the quality of 
life of patients, requires painful and long treatment, uses many drugs and side effects 
of these drugs, and sometimes even causes death [1]. Early diagnosis and correct 
treatment are very important in cancer cases [2]. Since it is such a common type of 
disease, new studies on this subject are brought to the literature every day. Moreover, 
the diagnosis and treatment of cancer, as well as the biocompatibility and toxicity of 
the compounds used in the treatment, are included in these studies.

Chemotherapy is the most widely used method in the treatment of cancer cases 
[3]. However, as it is known, some anticancer drugs used in chemotherapy can not 
only destroy cancer cells but also damage normal cells [4]. Patients also experience 
various adverse side effects such as poor specificity and limited accumulation of 
such drugs, myelosuppression (depression of the immune system), organ damage, 
alopecia (hair loss), and gastrointestinal distress. For this reason, there are many 
studies that are predicted to be used in the treatment of cancer diseases every day. 
Many different areas stand out among these studies. There are many organic-based, 
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inorganic-based, DNA-based, RNA- based, polymer-based nanomaterials and anti-
cancer studies in the literature.

In this study, the biocompatibility and toxicity of anticancer studies involving 
organic- and inorganic-based nanomaterials will be determined, and the effects of 
organic- and inorganic-based nanomaterial-containing structures on anticancer 
studies will be revealed.

1.1  Nanotechnology

Nanotechnology is a phrase that has been around for a long time. Although nano-
technology has existed from the beginning of time, the discovery of nanotechnology 
is commonly credited to Dr. Richard Phillips Feynman, an American physicist and 
Nobel Laureate [5]. Taniguchi is credited as being the first to adopt the term “nano-
technology” in 1974. In his book Engines of Creation, Eric Drexler popularized the 
term “nanotechnology” in 1986 [6].

The most generally cited definition of nanotechnology comes from the US gov-
ernment’s National Nanotechnology Initiative (NNI). Nanotechnology is defined as 
“research and technology development at the atomic, molecular, and macromolecu-
lar levels in the length scale of approximately 1–100 nanometer range, to provide a 
fundamental understanding of phenomena and materials at the nanoscale, and to 
create and use structures, devices, and systems that have novel properties and func-
tions because of their small and/or intermediate size,” according to the National 
Nanotechnology Initiative [6].

The development of useful materials and structures in the nanoscale range of 
0.1–100 nanometers by different physical or chemical processes is known as nano-
technology or molecular engineering [7]. The word “nano” comes from the Greek 
word nanos, which means “dwarf.” A nanometer is one billionth of a meter (10−9) 
[5]. To put it another way, it’s atomic and molecular engineering. It’s an interdisci-
plinary field that encompasses chemistry, colloidal science, biology, and applied 
physics among others.

The methods of obtaining nanoscale materials can be evaluated in two ways. 
These are top-down, and bottom-up approaches as given in Scheme 1.

There are many nanoscale studies in the literature. The usage areas of nanomate-
rials are increasing daily. Especially in medicine and medicinal chemistry branches, 
interest in this field has intensified as the remarkable effects of nanoscale materials 
have been observed. Nanoscale anticancer studies can be classified as organic-
based, inorganic-based, DNA-based, RNA-based, polymer-based nanomaterials as 
shown in Scheme 2.
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Scheme 1 Top-down and bottom-up approaches for nanomaterials’ synthesis
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1.2  Nanomaterials in Treatment of Cancer Diseases

1.2.1  Organic-Based Nanomaterial Studies

Organic nanomaterials are used in anticancer applications [8]. Because of its intrigu-
ing pharmacological features and therapeutic potential, the stream of heterocycles 
has sparked a lot of curiosity. Its relevance as a building block for critical intermedi-
ates in the synthesis of numerous natural products with a wide spectrum of pharma-
cological and biological actions, such as anticancer medicines and antitumor 
chemicals, has increased [9].

1.2.2  Inorganic-Based Nanomaterial Studies

Several commonly used inorganic nanomaterials have been employed as nanomedi-
cine to deliver medicinal and/or in vivo imaging ingredients selectively for cancer 
therapy and diagnostic purposes [10, 11]. Carbon nanostructures (e.g., graphene, 
nanotubes, nanodiamonds), metallic NPs (e.g., titanium, silver, iron, gold), and 
inorganic NPs such as mesoporous silica NPs are all examples of inorganic nano-
materials [10–12]. In cellular models of breast cancer, studies have revealed that 
GO-doxorubicin has stronger anticancer activity [13].

1.2.3  DNA-Based Nanomaterial Studies

DNAzymes are single-stranded DNA molecules that catalyze a variety of processes, 
including RNA or DNA cleavage and ligation [14–16]. DNAzymes have been 
widely exploited as effective signal transducers for enhanced biosensing due to their 
unique cofactor-dependent and sequence-specific catalytic properties [17–20] and 
even as potent gene silencing therapeutic agents [21–23]. The medicinal RNA-
hydrolytic DNAzyme has recently been identified as a potent anticancer medication 
capable of blocking several tumorigenic pathways by effective intracellular biocata-
lytic cleavage of oncogene substrates [24–29]. In comparison with ribozymes, 
siRNA, and antisense oligonucleotides, DNAzyme has a high biostability and does 
not hijack the endogenous RNA-induced silencing complex [28, 29].

DNA nanoparticles outperform other nanomaterials in terms of properties. DNA 
molecules serve as both construction materials (self-assembly) and medicinal agents 
(gene therapy), allowing for the integration of complex structures and functions. 
Because of its programmability, DNA is an excellent building block for nanostruc-
tures of diverse dimensions and shapes. The nanostructures created can be employed 
as carriers to deliver a range of medications efficiently [30]. Further, the addition of 
functional DNA sequences [31–33] (G-quadruplex, ribozyme, aptamer, i-motif 
sequence, and among others) endows DNA nanostructures with functions such as 
stimulus responsiveness, targeting, and life activity regulation, promoting DNA 
nanostructures’ great potential in the cure of major diseases (Table 1) [34–37].
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Table 1 List of nanomedicines for cancer therapy approved by the FDA [34–37]

Tradename Material Drug Company Indicatiın
Year(s) 
Approved

Doxi ® Liposome-PEG Doxorubicin Janssen MBC, metastatic 
ovarian cancer

1995

Eligard ® PLGA Leuprolide 
acetate

Tolmar Prostate cancer 2002

Abraxane ® Albumin Paclitaxel Celgene Metastatic breast 
cancer

2005

Genexol PM ® mPEG-PLA Paclitaxel Samyang 
corporation

Metastatic breast 
cancer

2007

Onivyde ® Liposome Irinotecan Merrimack Pancreatic cancer 2015

1.2.4  RNA-Based Nanomaterial Studies

RNA interference (RNAi) might be used to treat cancer [38, 39]. MicroRNA 
(miRNA) is a noncoding short RNA with a length of 20–24 base pairs that may 
efficaciously control gene expression in the intracellular area and is one of the criti-
cal constituents for the induction of RNAi [40]. Closely positioned mature miRNA 
interacts to supplementary target messenger RNA in the cytoplasm (mRNA). By 
limiting ribosome binding and mRNA translation, the condition may impede gene 
expression. Furthermore, the development of a microribonucleoprotein complex 
(miRISC) including abscisate beta- glucosyltransferase (AOG) and glycine-trypto-
phan proteins causes RNAi to degrade mRNA (thus downregulating the oncogene 
and suppressing cancer). Short interference RNA (siRNA) is a noncoding small 
RNA that can be used in RNA interference-mediated cancer treatment [41].

1.2.5  Polymer-Based Nanomaterial Studies

Polymersomes, hydrogels, nanofibers, micelles, NPs, nanogels, and dendrimers are 
examples of polymeric nanomaterials [8, 11, 42]. PVP has recently been effectively 
introduced as a substitute for the PEG moiety, combining the benefits of PVP with 
the micellar morphology [43–45]. PVP was coupled to hydrophobic polymer blocks 
such as poly(D, L-lactide) [43], poly(-caprolactone) [44], and poly(vinylacetate) 
[45] in these investigations, and the resultant NPs had minimal toxicity and improved 
the efficacy of numerous anticancer medicines.

1.3  Benefits of Nanomaterials in the Therapy 
of Cancer Diseases

With the use of nanotechnology in the diagnosis, therapy, and management of can-
cer, the fight against the disease has begun to be addressed in a much larger dimen-
sion. NPs, by active or passive targeting, increase the intracellular concentration of 
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medicines to cancerous tissue while showing as little toxicity as possible to health-
ful tissue. Prepared NPs can be designed to be sent to the target region. Drug release 
can be provided and regulated with temperature-sensitive or pH-sensitive nanopar-
ticles. Prepared NPs can be designed to be sent to the target region. Drug release can 
be provided and regulated with temperature-sensitive or pH-sensitive nanoparticles. 
Such that, in the drug distribution of pH-sensitive nanoparticles, drugs can be 
administered in an acidic TME, or the drug is released in the target region by tem-
perature-sensitive nanoparticles sent by the temperature given by sources such as 
ultrasound waves and magnetic fields. Moreover, by adjusting the physicochemical 
features of the NPs such as dimension, form, molecular mass, and surface chemis-
try, nanoparticles can be sent to the targeted region [46].

1.4  Current Research

In this section, examples from recent nanoscale anticancer studies in the literature 
will be given. Moreover, inferences will be made by making evaluations on the 
biocompatibility and toxicity of these studies.

In 2018, Dehkhodaei used a sonochemical approach to synthesize a novel Schiff 
base Pd (II) complex in bulk and nanoscales. In the study, Schiff base derived from 
isopropylamine and 2-hydroxybenzaldehyde and its Pd (II) complex (N1) were syn-
thesized (Scheme 3). Afterward, it was stirred in an ultrasonic bath at 180 W for 
30 min and then centrifuged at 5000 rpm for 15 min to obtain a nanoscale Pd (II) 
Schiff base complex. The MTT assay was then utilized to define the fraction of 
HeLa carcinoma cells that were viable. The findings confirmed that shrinking the 
size has a significant impact on cancer cell annihilation. In addition, nanoscale com-
plexes attained IC50 at a concentration of 10 μM. Using a mix of experimental and 
computational approaches, the binding capacity of the nano- and bulk-scale Pd(II) 
Schiff base complex with calf thymus DNA and human serum albumin was exam-
ined. The predicted binding constants for the complex at both the bulk and nanoscales 
revealed that the nanoscale complex binds to DNA more strongly than the bulk-
scale complex. This finding is consistent with the results of the MTT experiment. 
The ONIOM findings revealed that the compound’s structural characteristics altered 
in tandem with its binding to DNA and HSA, demonstrating a strong interplay 
between the compound and the current biomolecules [47].

In 2017, Dehkhodaei obtained Schiff base from the reaction of 3-amino-prop-1-
ene with 2-hydroxybenzaldehyde. Then, by immersing the ultrasonic probe in the 
reaction medium and giving high-intensity ultrasonic waves, the Schiff base ligand 
was metalized in nanosize with Ni (OAc)2 (N2) (Scheme 4). The anticancer activity 
of the chemical is modified by its size, according to the MTT assay. The binding 
constants for the DNA complex and the HSA complex were calculated to be about 
104 M−1 [48].

In 2016, Abdel-Rahman synthesized and characterized the Schiff base ligand 
derived from 3-methoxysalicylaldehyde and 2-amino-3-hydroxypyridine and its 
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nanoscale Ni(II) (N3) and Co(II) (N4) complexes (Scheme 5). The nanoscale of the 
complexes was achieved by the sonochemistry method. Afterward, metal oxide 
nanoparticles were prepared by calcination of the related complex at 500 °C. When 
controlled with the clinically utilized vinblastine standard, the cytotoxicity of the 
Schiff base complexes on human breast carcinoma cells (MCF-7 cell line) and colon 
cancer cells (HCT-116 cell line) exhibited substantial cytotoxicity against carci-
noma cell proliferation [49].

In 2022, Adwin Jose synthesized and characterized Schiff base ligand (DPMN) 
from the reaction of 2-amino-4,6- dimethoxypyrimidine and 2-hydroxy-5-nitroben-
zaldehyde. Air stable copper nanoparticles (DPMN-CuNPs) (N5) were synthesized 
by the modified Brust-Schiffrin method using Schiff base and CuCl2 (Scheme 6). In 
the study, antioxidant, antibacterial, and anticancer studies were conducted. When 
the anticancer results of the prepared DPMN-CuNPs were evaluated, it was stated 
that they had important anticancer activity toward distinct cancer cells and at the 
same time showed the least toxic effect against normal cells. Moreover, this material 
(DPMN-CuNPs) has been reported to have catalytic activity in nitrophenol reduc-
tion, methylene blue degradation, and methyl orange reduction [50].
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Scheme 6 Synthetic paths for the suggested structure of DPMN-CuNPs (N5) in its nanoscale 
forms and optimized structure of DPMN-CuNPs [50]

In 2016, Abdel-Rahman synthesized and characterized Schiff base ligand and its 
Cd(II) (N6), Fe(II) (N7), and Zn(II) (N8) complexes derived from 3-methoxysali-
cylaldehyde and 2-amino-3-hydroxypyridine (Scheme 7). The synthesized com-
plexes prepared metal oxide nanoparticles by thermal decomposition. Antimicrobial 
and anticancer studies of the complexes have been carried out. Furthermore, when 
checked with the clinically utilized vinblastine standard, the cytotoxic activity of 
the produced Schiff base complexes on human hepatic cellular carcinoma cells 
(HepG-2) and colon cancer cells (HCT-116 cell line) demonstrated substantial cyto-
toxicity impact against carcinoma cell proliferation [51].

Yaghabi synthesized and characterized both bulk and nano forms of Zn(II) (N9), 
Cd(II) (N10), and Hg(II) (N11) complexes derived from 2,4,6-tri(2-pyridyl)-1,3,5-
triazine (tptz) in 2019 (Fig. 1). The MTT technique was used to assess the cytotoxic 
activity of the complexes in bulk and nano forms against the MCF-7 cell line 
in  vitro. The IC50 values vary from 2.2  ±  0.1 to 28.6  ±  0.6 μM.  These findings 
showed that the produced complexes might be used as anticancer drugs in both nano 
and bulk forms [52].
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Scheme 7 Suggested structures of ligand and its Cd(II) (N6), Fe(II) (N7), Zn(II) (N8) metal com-
plexes [51]
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Fig. 1 Suggested and optimized structures of Zn (II) (N9), Cd(II) (N10), and Hg(II) (N11) metal 
complexes [52]
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Scheme 8 Synthetic routes for the preparation of DPMM.  Generation of DPMM capped Au 
(N12) and Pt NPs (N13) and optimized structures of metal complexes [53]

In 2017, Sankarganesh reported [They prepared pyrimidine-based Schiff 
base  ligand 2-(4,6-dimethoxypyrimidine-2-yl)methyleneenamino)-6-methoxyphe-
nol (DPMM) and gold (Au) (N12) and platinum (Pt) (N13) nanoparticles prepared 
by the modified Brust-Schiffrin method], given in Scheme 8. In addition to the 
anticancer study, antioxidant and antimicrobial studies were conducted. Furthermore, 
the MTT assay was used to test the anticancer activity of DPMM, DPMM-Au NPs, 
and DPMM-Pt NPs in vitro against cancer (MCF-7, HeLa, and HEp2) and normal 
(NHDF) cell lines. In comparison with the conventional medication cisplatin, these 
findings show that DPMM-Au NPs and DPMM-Pt NPs have high cytotoxic action 
against cancer cell lines and have the least damaging effect on normal cell lines [53].

In 2022, El-ghamry synthesized the tridentate hydrazone ligand and its Co (II), 
Ni(II), and Cu(II) complexes (Figs. 2 and 3). Moreover, it has been reported to syn-
thesize and characterize hydrazone ligand and 8-hydroxyquinoline (8-HQ) and 
mixed ligand Co(II), Ni(II), and Cu(II) complexes. Besides these, the nano Cu (II) 
complex was also prepared. The antitumor activity investigation demonstrated that 
the ligand HL inhibited HepG-2 cell growth, with activity increasing with complex-
ation, the Cu (II) complex 1 displayed the maximum cytotoxic activity [54].
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Fig. 2 Suggested structures of 1 (N14), 2 (N15), 3 (N16), 4 (N17), 5 (N18), 6 (N19), 7 (N20) 
metal complexes [54]

1.5  The Related Nanomaterials Under Perspective 
of In Silico Methods

In recent times, nanomaterials have progressively found applications in different 
areas such as technology, industry, and medicine. Their small particle size and their 
chemical and physical features are useful for diverse biomedical activities. Due to 
their physical resemblance with proteins, nanomaterials can improve medical imag-
ing, diagnostics, and therapy.

In recent years, the development of in silico techniques such as combinatorial 
chemistry and high-throughput screening, absorption, and dispersal remarkably 
enhanced the number of compounds for which early information on absorption, 
distribution, metabolism, and excretion (ADME) and toxicity (T) were required, 
which in turn drove development. The absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) features of chemicals act as vital roles at each step of 
drug exploration and advancement. So, it is essential to find effective molecules 
with better ADMET features.
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Fig. 3 Suggested optimized structures of 1 (N14), 2 (N15), 3 (N16), 4 (N17), 5 (N18), 6 (N19), 7 
(N20) metal complexes [54]
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The structure of the selected inorganic nanomaterials (N1–N20) was drawn 
(Table 2) and optimized accurately in MO-G using PM6 parameters in a vacuum 
using SCIGRESS [55]. Drug-like properties including solubility, permeability, met-
abolic stability, and transporter impacts are of critical importance. These factors 
affect oral bioavailability, metabolism, clearance, toxicity, as well as in vitro phar-
macology. The drug-likeness prediction is performed to define pharmacokinetic 
properties of the selected nanomaterials. It includes studies (Lipinski et al. [56] and 
Veber et al. [57]) performed using Discovery Studio (DS) 3.5 [58] for the nanoma-
terials. The in silico absorption, distribution, metabolism, excretion, and toxicity 
(ADMET) properties that are very significant in the medicine process for the selec-
tion of a probable agent were generated with the help of the sub-protocol of DS 3.5. 
Afterward, molecular docking was conducted using AutoDock 4.2 [59] program to 
learn more about the interaction mechanisms of the current nanomaterial-DNA. A 
3D structure model Protein Data Bank (PDB) code, 1BNA of DNA as the target, 
was obtained from PDB [60]. The nucleotides in the crystal structure did not mutate. 
Crystal structure resolution was <2.0  Å. The conformational views occurred for 
each nanomaterial docking with DNA based on the Lamarckian genetic algorithm. 
The best modes for the nanomaterials (N1–N20) with the lowest binding free energy 
complex in the biomolecules as targets were investigated for docking results includ-
ing the docking energy, interplay types, and RMSD values.

1.5.1  Computational Results

ADMET analysis is a significant technique to control whether in vivo agents can 
reach the acceptable ranges. These rules are molecular weight no more than 500, no 
more than 5 hydrogen bond donors, no more than 10 hydrogen bond acceptors, and 
LogP (the log value of octanol-water partition coefficient) no more than 5, accord-
ing to the “Rule of Five” [56, 57]. The other second rule by Veber et al. suggests no 
more than 10 rotatable bonds, polar surface area no more than 140 A2, or no more 
than 12 hydrogen bond donors and acceptors. These ranges are employed to filter 
drug-like compounds in DS 3.5 [58]. All the nanomaterials except N5, N6, and N7 
revealed zero violations of Lipinski and Veber rules as given in Table 3. In addition, 
aqueous solubility, human intestinal absorption (HIA), blood-brain barrier penetra-
tion (BBB), Cytochrome P450 (CYP450) 2D6 inhibition, hepatotoxicity, and 
plasma protein  binding were used and analyzed as ADME descriptors for the nano-
materials, (N1–N20 in Table 4).

The ADME results of nanomaterial compounds, which are thought to exhibit 
potential drug candidates, except for N5, N14, and N19 compounds, are given in 
Table 4. If attention is paid, all of them show hepatotoxic properties. Toxicity esti-
mation analysis was also performed to determine whether the respective nanomate-
rials were toxic. Expected results are listed in Table 5. Nearly all compounds were 
found to exhibit acceptable toxicity for drug development in the treatment of cancer 
diseases.
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We executed molecular docking studies regardless of the results of drug-likeness 
and ADMET analyses in the previous parts. A total of 20 compounds were selected 
for the analysis on affinity, which is shown by the docking binding energy (a low 
docking binding energy indicates a high binding affinity) (Table  6). Three-
dimensional (3D) representation of the binding pose, interactions, H bond donor 
and acceptor surface of the five compounds (N3, N10, N11, N9, and N2) with the 
highest binding energies in the N1–N20 compounds towards DNA complex are 
presented in (Fig. 4).

The binding energies of 20 nanomaterials, which react with DNA targets in 
molecular docking calculations, are between −9.35 and −5.30 kcal/mol. Compound 
N3 (Ni(II)L) is the structure that exhibits the best binding and interplay with DNA, 
with a binding energy value of −9.35 kcal/mol. When we examine the interaction 
types of compound 3, it makes hydrogen bonds with the B, DT20; A, DA6; A, DT7; 
and A, DT8 nucleotides of DNA; electrostatic interactions with A, DT8, and B, 
DC21; and also hydrophobic interaction with B: DT19 (Fig. 4). Then, N10, N7, 
N11, N5, N9, and N2 are followed by their binding energy values in Table 5. The 
molecule with the lowest binding tendency with DNA is the nanomaterial structure 
formed by N19 which is Co (II) metal, with an organic molecule.
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Table 2 The simplified molecular-input line-entry system (SMILES) of the 20 nanomaterial 
compounds (N1–N20)

Compound SMILES

N1 CC(C)[N+]1=Cc2ccccc2O[Pd]13Oc4ccccc4C=[N+]3C(C)C
N2 C=CC[N+]1=Cc2ccccc2O[Ni]13Oc4ccccc4C=[N+]3CC=C
N3 COc1cccc2C=[N+]3c4ncccc4O[Ni]3(Oc12)([OH2])([OH2])[OH2]
N4 COc1cccc2C=[N+]3c4ncccc4O[Co]3(Oc12)([OH2])([OH2])[OH2]
N5 O.O.O.COc1cc(OC)nc(\N=C\c2cc(ccc2O[Cu])[N+](=O)[O−])n1
N6 O.O.O.[Cd].COc1cccc(\C=N\c2ncccc2O)c1O
N7 O.O.O.[Fe].COc1cccc(\C=N\c2ncccc2O)c1O
N8 O.[Zn+2].COc1cccc(\C=N\c2ncccc2O)c1O
N9 [Cl−][Zn+2][Cl−].c1ccc(nc1)c2nc(nc(n2)c3ccccn3)c4ccccn4
N10 Cl[Cd]Cl.c1ccc(nc1)c2nc(nc(n2)c3ccccn3)c4ccccn4
N11 [I−][Hg+2][I−].c1ccc(nc1)c2nc(nc(n2)c3ccccn3)c4ccccn4
N12 O.[Au].COc1cc(OC)nc(\C=N\c2cccc(OC)c2O)n1
N13 O.[Pt].COc1cc(OC)nc(\C=N\c2cccc(OC)c2O)n1
N14 [O−][N+](=O)O[Cu+2]12OC(=N[N+]1=CC3=CC=[CH2]S23)CC#N
N15 N#CCC1=N[N+]2=CC3=CC=CS3[Cu+2]245(OC(=N[N+]4=CC6=CC=CS56)

CC#N)O1
N16 CO[Cu+2]123(OC(=N[N+]1=CC4=CC=CS24)CC#N)Oc5cccc6ccc[n+]3c56
N17 N#CCC1=N[N]2=CC3=CC=CS3[N+2]245(OC(=N[N]4=CC6=CC=CS56)

CC#N)O1
N18 CO[N+2]123(OC(=N[N]1=CC4=CC=CS24)CC#N)Oc5cccc6C=CC=[N]3c56
N19 CO[Co+2]12(OC)(O[N+](=O)[O−])OC(=N[N+]1=CC3=CC=CS23)CC#N
N20 CO[Co+2]123(OC(=N[N+]1=CC4=CC=CS24)CC#N)Oc5cccc6ccc[n+]3c56
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Table 3 Drug-likeness properties of the 20 nanomaterial compounds based on the Lipinski and 
Veber rules

Name

MW 
(≤500 g/
mol)

AlogP 
(≤5)

MPSA 
(≤140 A2) NRB(≤10)

HA_
Lipinski 
(≤10)

HD_
Lipinski 
(≤5)

HA_
Veber 
(≤12)

HD_
Veber 
(≤12)

N1 432.853 4.707 33.26 2 4 2 2 2
N2 381.094 4.488 33.26 4 4 2 2 2
N3 355.977 1.836 116.68 1 8 7 7 4
N4 356.217 1.836 116.68 1 8 7 7 4
N5 420.842 2.368 206.15 6 12 6 11 3
N6 410.703 1.693 169.44 3 8 8 8 5
N7 354.137 1.693 169.44 3 8 8 8 5
N8 327.67 2.107 123.05 3 6 4 6 3
N9 450.659 −2.916 163.07 3 6 0 6 0
N10 495.645 3.61 77.34 3 6 0 6 0
N11 768.743 −3.792 212.67 3 6 0 6 0
N12 504.268 2.329 117.56 5 8 3 8 2
N13 502.38 2.329 117.56 5 8 3 8 2
N14 322.808 1.839 115.51 3 8 3 6 4
N15 452.013 0.89 113.96 2 8 2 6 4
N16 433.972 2.281 82.84 2 7 2 5 3
N17 403.482 0.478 113.96 2 9 3 6 5
N18 385.44 1.87 82.84 2 8 3 5 4
N19 379.255 1.507 129.7 5 10 3 8 4
N20 429.359 2.281 83.03 2 7 2 5 3

MW molecular weight, ALogP octanol/water partition coefficient, a measure for lipophilicity, 
MPSA molecular polar surface area, nRB number of rotatable bonds, Num_H_Acceptors_Lipinski 
number of hydrogen bond acceptors, Num_H_Donors_Lipinski number of hydrogen bond donors, 
Num_H_Acceptors number of hydrogen bond acceptors based on Veber, Num_H_Donors number 
of hydrogen bond donors based on Veber

Overall, as a result of all computational applications on the 20 compounds dis-
cussed, N3, N10, N11, N9, and N2 nanomaterial structures should be considered as 
potential agents in cancer treatment and diagnostic studies.

2  Conclusion

Cancer is one of the diseases which is a major problem for all countries of the world 
today. The prediction of the International Agency for Research on Cancer (IARC) 
affiliated to the World Health Organization (WHO) for 2030 is that cancer will rank 
first among the causes of death. Various disadvantages of traditional methods used 
in cancer diagnosis and treatment reduce the effectiveness of these methods. 
However, although there have been many attempts to combine new technologies 

Biocompatibility and Toxicity Perspective for the Development of Nanomaterials…



294

Table 4 ADMET analysis of the 20 nanomaterial compounds

Comp.
PSA_2D 
(<140 Å2)

AlogP98 
(<5) HIA Solubility BBB CYP2D6

Hepa-
totoxic PPB

N1 17.86 4.645 0 1 0 I T True
N2 17.86 4.426 0 2 0 I T True
N3 38.051 1.804 0 2 2 NI T False
N4 38.051 1.804 0 2 2 NI T False
N5 103.458 2.989 0 3 4 (undefined) NI T False
N6 73.145 2.314 0 3 3 NI T False
N7 73.145 2.314 0 3 3 NI T False
N8 73.145 2.314 0 3 3 NI T True
N9 67.566 2.639 0 2 2 NI T False
N10 67.566 2.639 0 2 2 NI T True
N11 67.566 2.639 0 2 2 NI T False
N12 81.451 2.536 0 3 3 NI T True
N13 81.451 2.536 0 3 3 NI T True
N14 93.438 −1.458 1 4 4 (undefined) NI T False
N15 86.376 1.396 0 3 3 NI T False
N16 66.397 2.543 0 2 2 NI T True
N17 86.376 −0.152 0 3 3 NI T False
N18 66.397 0.996 0 2 3 NI T True
N19 111.299 −2.159 3 4 4 (undefined) NI T False
N20 66.397 2.543 0 2 2 NI T True

PSA_2D 2D polar surface area, AlogP98 the logarithm of the partition coefficient between n-octa-
nol and water, HIA human intestinal absorption, BBB blood-brain barrier, CYP2D6 cytochrome 
P450 2D6 binding, NI non-inhibitor; for CYP2D6, non-inhibitor, NT nontoxic for hepatotoxic, 
PPB plasma protein binding; more than 90% for PPB value is true, chemicals strongly bound. Less 
than 90% for PPB value is false, chemicals weakly bound

with traditional approaches to fight cancer, nanotechnology has shown wide appli-
cations in both treatment and diagnosis [61].

Nanotechnology has also been widely used in the remedy of several carcinomas 
lately. Because nanomaterials provide the opportunity to diagnose tumors at an 
early stage, in other words, nanostructures can enter a single tumor cell and increase 
the limits of imaging techniques. Chemotherapy drugs used in cancer treatment 
directly target tumors and have limited effects on healthy tissues, and the side effects 
of chemotherapy drugs are eliminated. Thus, the necessary doses are delivered to 
the cancerous tissues, shortening the recovery period and increasing the success of 
the treatment. In summary, nanomaterials have contributed to the improvement of 
cancer diagnosis and therapy with their improved pharmacokinetics and pharmaco-
dynamics features.

Many nanomaterials, especially inorganic and organic nanomaterials, can be 
used as a potential nanocarrier for the early detection of cancer and loading of che-
motherapeutic drugs. Particularly relevant nanomaterials, due to their small size and 
surface modifications, can remain in the circulation for a long time and be effective 
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Fig. 4 3 D orientations of the compounds N3, N10, N11, N9 and N2 against DNA based on the 
calculated binding energy values of the compounds N1–N20

Table 6 Binding energy values of the compounds N1–N20 against DNA

Compound Free energy of binding (kcal/mol)

N1 −7.99
N2 −8.48

N3 −9.35

N4 −7.91
N5 −8.74
N6 −7.12
N7 −9.07
N8 −8.12
N9 −8.55

N10 −9.22

N11 −8.94

N12 −6.51
N13 −6.50
N14 −7.33
N15 −7.05
N16 −8.34
N17 −7.59
N18 −7.19
N19 −5.30
N20 −6.80
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by targeting primarily tumor sites. Among metallic nanomaterials, especially Ni, 
Cd, Fe, Hg, Cu, Zn, Pd, Co, Au, and Pt, nanomaterials are widely used in drug deliv-
ery systems. Despite their extremely advantageous properties, nanomaterials to be 
used on living organisms must have various properties such as being physiologi-
cally compatible (biocompatible), degradable in a physiological environment, and 
the ability to be excreted through the kidneys or bile. However, the studies reveal 
that some nanomaterials cause irreversible damage to cells in various ways depend-
ing on their composition and size [62–65].

Given the limitations associated with nanotechnology, further studies are needed 
to develop medicine releases, maximizing their effectiveness while keeping dam-
ages to a minimum. By improving the interplay between the physicochemical fea-
tures of the nanomaterials used, safer and more effective derivatives can be provided 
for diagnosis and therapy in cancer management. In many studies, the toxicity of 
nanomaterials is attributed to their physicochemical features, namely, their small 
size and surface area. Therefore, unlike traditional toxicology, the safety/toxicity 
evaluation of a particular nanomaterial is based not only based on its chemical con-
tent but also on its size, surface structure, form, etc. [65–67]. For these reasons, 
nanomaterials in this chapter were investigated using in silico methods, which are 
more economical in terms of labor, time, and cost, to investigate the biocompatibil-
ity and toxic effects of nanomaterials very carefully.

As a result of in silico methods including drug-likeness, ADME, toxicological 
analyzes, and molecular docking processes between twenty nanomaterials (N1–
N20) with DNA, it has been suggested that N3, N10, N11, N9, and N2 compounds 
may be potential candidates for cancer diagnosis and therapy. This study will also 
form the basis of studies on new inorganic and organic nanomaterials.

Acknowledgment The authors thank Esin Akı Yalcin and the research group for their technical 
assistance.
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Recent Progress in Detection of Breast 
Cancer Biomarkers by Clinical 
and Imprinting Polymer-Based Sensors

Nurgul K. Bakirhan and Cigdem Yucel

1  Introduction

1.1  Breast Cancer

Cancer is known to be the leading cause of death worldwide according to recent 
reports by the World Health Organization (WHO), 2020. Among all cancers, both 
sexes and all ages, breast cancer has the highest number of new cases, nearly 2.3 
million (11.7%) in an estimated 19.3 million worldwide, and was fifth in several 
deaths (6.9%) according to the Global Cancer Observatory (GCO) [1, 2]. Among 
women, the most frequently seen cancer is breast cancer. The disease accounts for 
over 1/10 of newly diagnosed cancer annually. It is the second leading cause of 
mortality from cancer among women worldwide. At the end of the year 2020, 7.8 
million women were diagnosed with this disease; hence, this disease’s importance 
was increasing in recent years. The American Cancer Society (ACS) has given the 
breast cancer incidence report in women of different racial and ethnic groups as 
below [1]:

• Non-Hispanic white: 128.1/100,000
• African American: 124.3/100,000
• American Indian/Alaska Native: 91.9/100,000
• Hispanic/Latina: 91.0/100,000
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• Asian American/Pacific Islander: 88.3/100,000

Certain factors increase the risk of breast cancer, which are:

 1. Age: The incidence rate of breast cancer is increased by age, from 1.5/100,000 in 
women between 20 and 24 years of age to 421.3/100,000 in women 75–79 years 
of age; and 95% of new cases occur in women over 40 years. The median age of 
diagnosis with breast cancer is 61 years.

 2. Gender: Female gender is the major and strongest risk factor for breast cancer. 
Only 0.5–1% of breast cancers occur in men [3].

 3. Family history and genetic risk factors: In first-degree relatives of breast cancer 
patients, the risk of having breast cancer is increased by 2–3-fold. 5–10% of 
breast cancers are caused by genetic vulnerabilities, but they compromise 25% 
of breast cancer in women <30 years of age. Two major genes responsible for 
increased risk of breast cancer are BRCA1 and BRCA2. When there is cancer in 
one breast, the risk of cancer is also increased in the other one.

 4. Reproductive risk factors: Reproductive features related to exposure to estrogen 
over a lifetime increase the risk of breast cancer. These features can be listed as 
the onset of menarche <12 years of age, first childbirth >30 years of age, null 
parity, and menopause >55 years of age.

 5. Hormone replacement therapy (HRT): Therapeutic or supplemental usage of ste-
roid hormones like estrogen and progesterone which are taken basically for con-
traception in the premenopausal era and hormone replacement therapy in the 
postmenopausal era. Prolonged usage of HRT causes an increased risk of breast 
cancer [4–6].

Breast cancer is a heterogeneous complex of diseases, a spectrum of many sub-
types with distinct biological features, and physiological and clinical presentations. 
The female breast is positioned in the front chest wall, and it has glands for milk 
production. It is stabilized in the chest by pectoralis major muscle and supporting 
ligaments. The fat tissue surrounding the lobes causes differences in size and shape. 
Lobules containing the glands in each lobe are responsible for milk production 
under hormonal stimuli.

In invasive, the overall structure deteriorates and cells are infiltrated into a vari-
able amount of stroma in a hazardous way. Invasive ductal cancer (infiltrating ductal 
carcinoma) is the most frequent type of breast cancer and constitutes 50–70% of 
invasive breast cancers. 10% of breast cancers are invasive lobular types, and mixed 
ductal carcinoma and lobular carcinoma have also been recognized, though rare.

Breast cancer arises in the epithelia of the ducts (85%) and lobules (15%) in the 
glandular breast tissue. At first, cancer is restricted to the duct or lobule termed “in 
situ” carcinoma, where it is asymptomatic and has the minimal potential for metas-
tasis. Widespread metastasis is the major cause of mortality in breast cancer.

Breast cancer can be caused by DNA damage genetically alterations. These can 
be triggered by estrogen exposure. In some cases, the presence of some inherited 
DNA defects and precancerous genes, namely, BRCA1 and BRCA2, causes breast 
cancer. As a result family history of ovarian or previous breast cancer causes the risk 
of having breast cancer to be increased [7–11].
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1.2  Imprinting Polymers

Molecularly imprinted polymers (MIPs) can mimic natural molecules such as anti-
bodies and biological receptors [12, 13]. Chemical and biological molecules such as 
proteins, amino acids, drugs, foods, and hazardous materials can easily be detected 
with the help of MIP technology [14–17]. MIP is a complex structure between tar-
get and monomer parts. The recognition process occurs with intermolecular interac-
tions like dipole-dipole, ionic interactions, and hydrogen bonds between the target 
and polymer matrix. A three-dimensional polymer network occurred with an excess 
of cross-linking agents [18]. After the successful polymerization process, the tem-
plate is removed from the polymer network. The polymer can recognize target mol-
ecules selectively due to the formed template cavity (Fig. 1) [19].

The selectivity parameter is so important for the analysis of compounds and vali-
dation of developed sensors and methods. By the electrochemical techniques, many 
compounds could be sensitively analyzed, but selectivity parameters may be miss-
ing for them. Hence, MIPs are excellent structures at this point.

MIPs are used in the design of sensors, drug delivery systems, separation, sci-
ences and purification, catalysis, and biological antigen-antibody systems [20–26]. 
They have cheap procedures, a long lifetime, excellent physical features, strength, 
resistance to elevated temperature, pressure, and stability in acids, bases, and 
organic solutions. Its high selectivity property is used in imprinting to detect pro-
teins, nucleic acids, and drug compounds. The chapter aims to present MIP technol-
ogy for the detection of breast cancer markers with electrochemical methods. The 
recent studies will be explained briefly.

Fig. 1 Schematic representation of molecularly imprinted polymers [19]
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1.3  Electrochemical Methods

Electrochemical biosensors have selective biochemical recognition of target mole-
cules with high sensitivity [27]. Electrochemical methods have excellent properties 
such as responsibility, cheap, fast, small volumes of solutions, and simple and easy 
usage [28–31]. The small concentrations of breast cancer biomarkers from biologi-
cal samples could be detected easily via electrochemical methods. Especially, inva-
sive usage is so important for patients. Hence, these developed biosensors may have 
a chance to easy and fast usage. Polymers have been used to obtain the more sensi-
tive and selective response of analytes. They have unique chemical, physical, and 
mechanical properties. MIPs have been preferred widely due to their low LOD val-
ues and good precision [32].

Polymers have been preferred for the fabrication of sensitive and selective sen-
sors. A novel electrochemical immunosensor was fabricated for the detection of 
CEA with AuNPs-decorated Prussian blue-poly(3,4-ethylene dioxythiophene) 
(AuNPs/PB-PEDOT) (Fig.  2) [33]. This sensor structure is biocompatible and 
environment- friendly. PEDOT has good electron transfer and good stability. The 
electrochemical measurement was evaluated by DPV techniques within the 0.05 
and 40 ng/mL working range and 0.01 ng/mL LOD values. The developed sensor 
could be applied in human serum samples with high recoveries. Results were com-
pared with the ELISA method, and results showed a good correlation with electro-
chemical results.

MCF-7 is a breast cancer cell. It is determined by an aptasensor, polyadenine 
(polydA)-aptamer-modified gold electrode, and a polydA-apta-functionalized 
AuNPs/GO hybrid (Fig.  3) [34]. The developed sensor showed high selectivity 
against MCF-7 cells in the presence of other non-tumorigenic cells and other cancer 

Fig. 2 The fabrication of label-free immunosensor for the CEA determination. (Reprinted from 
[33] with the permission of Elsevier)
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Fig. 3 Representation of aptasensor for MCF-7 quantification. (a) AuNPs/GO hybrid was pre-
pared by self-assembly of AuNPs/GO (b) AptMUC1 was constructed on AuNPs/GO hybrid. 
(Reprinted from [34] with the permission of Elsevier)

cells. A wide linear range was observed between 10 and 105 cells/ml with a LOD of 
8 MCF-7 cells/ml in spiked human serum samples.

In this chapter, we have focused MIP-based sensors for the detection of breast 
cancer biomarkers by electrochemical methods.

2  Clinical Diagnosis of Breast Cancer

Breast cancer is detected either with screening tests or some symptoms. Early-stage 
breast cancers are mostly asymptomatic and can be found by chance during screen-
ing. Screening of healthy women is important as it causes the detection of smaller 
tumors, which have a lower possibility to metastasize, are more easily removed by 
surgery, and will not require any further medical therapy [35].

2.1  Breast Examination

A breast exam is moderately sensitive but highly specific for breast cancer detec-
tion, and the degree of predictivity changes with age. Sensitivity is 57–83% between 
50 and 59 years and around 70% between 40 and 49 years. Specificity on the other 
hand is higher, 88–96% between 50 and 59 years and 70–85% among women of age 
40–49 years. It is more beneficial in younger women, as the use of mammography 
is not recommended in these women.
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2.2  Mammography

Mammography is the gold standard method for screening and diagnosis of breast 
cancer and is also the only screening modality that is known to reduce mortality. 
Sensitivity is 46–80%, while specificity reaches up to 82–99%. The false negativity 
rate is among 10–15%, reaching up to 40% in patients with dense breasts. Almost 
60% of false-positive results in women between 40 and 50 years of age can be seen, 
while the false positivity ratio decreases with increasing age. The average age for 
initial mammography scanning is suggested as 45 years, while other personal differ-
ences and physicians’ recommendations are also to be kept in mind. A clinical 
abnormality on palpation should be considered in a normal mammogram, and fur-
ther investigation with other methods like ultrasonography, needle aspiration, and 
conventional open biopsy is needed [36, 37].

2.3  Digital Mammography

In recent years, digital mammography has come to the front of diagnosis. The power 
of prediction of this method is not proven to be better than the analog type, but in 
the premenopausal era, and with women aged below 50 years having dense breasts, 
the diagnostic efficiency is superior when compared to conventional mammogra-
phy. When digital breast tomosynthesis is combined with a full-field digital mam-
mogram, it also reduces false positivity and enhances the detection rate. The only 
disadvantage of digital tomosynthesis combined with screening is that the radiation 
dose to which the patient is exposed is multiplied by two [38, 39].

2.4  Ultrasound

Ultrasonography is a non-ionizing, patient-friendly method; its predictive value is 
lower when compared to a mammogram. It may not catch low-level calcifications 
so it is less efficient alone for screening. It can be considered a supporting tool when 
a mammogram is not enough to clarify a diagnosis with asymmetry and dense 
breasts. Breast cancer in ultrasound images is seen as a solid irregular nodule, hav-
ing imprecise margins and spikes with heterogeneous internal echoes [40].

2.5  Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging is a new tool of diagnosis with increasing importance 
recently. It has greater sensitivity in breast cancer detection, but false-positive rates 
are still high with this technique. It is needed when the suspected lesion cannot be 
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identified by other imaging techniques, in patients having BRCA1 and BRCA2 
mutations, and in monitoring response to neoadjuvant chemotherapy, to evaluate the 
integrity of the prosthetic breast after surgery and in diagnoses of masked breast 
cancer lesions [41, 42]. The use of MRI together with mammography has a superior 
sensitivity for malignant tissue (92.7%) than the use of ultrasound combined with 
mammography (52%). Especially for women with a lifetime risk of breast cancer 
>20%, breast MRI together with mammography is recommended by the ACS [43].

2.6  Biopsy

In clinical applications, suspected tissue is generally examined by fine needle or 
core needle biopsy, or by surgical removal. Fine needle biopsy (FNAB) is a simple, 
low-cost, and outpatient method. It is generally ultrasound-guided, but it does not 
give information about invasion or histological grade. The false-positive rate is 
under 2%. Core needle biopsy (CNB) is carried out with a bigger needle and auto-
mated equipment, and it has nearly 100% sensitivity and specificity. It is also an 
outpatient procedure carried out under local anesthesia. Mammotomy is also pos-
sible with CNB which rotates the cannula and cuts a piece of breast tissue. CNB and 
mammotomy allow the assessment of invasion, histological class, and immunohis-
tochemical pattern. Also, a plan for therapy options before the operation becomes 
possible [44, 45].

2.7  Pathological Evaluation

Tissue specimens obtained by biopsy or mammotomy are subjected to immunohis-
tochemical and molecular diagnostic tests for tissue characterization.

2.8  Prognosis

Immunohistochemistry (IHC) is used to classify and control breast cancer. The 
main prognostic factors for breast cancer include axillary lymph node status, tumor 
size, histological type and grade, hormone receptors, and human epidermal growth 
factor receptor 2 (HER2) (c-erbB2). Tissue-derived markers, such as the progester-
one receptor (PR), expression of estrogen receptor (ER), and human epidermal 
growth factor receptor 2 (HER2), are crucial in tumor subtyping, prognostic evalu-
ation, and systemic treatment selection. Immunohistochemical analysis is routinely 
carried out to detect estrogen receptor (ER), progesterone receptor (PR), and Her2/
neu (HER2) status. These histological tumor markers show significant intratumoral 
variations. In situ hybridization can confirm HER2 amplification by IHC or as gene 
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sequencing. DNA microarrays and high-throughput RT-PCR assays for ER and 
PR-related genes are also important classifications and detection of tumor type 
[46–48].

2.9  Estrogen Receptor

Estrogen is the major steroid hormone in breast cancer proliferation and progres-
sion. It is the predominant hormone in the luminal epithelium, which is the masse-
cuite of neoplastic transformation. The ER, in particular, is thought to be of great 
importance, predicting approximately 50–75% response rate to hormonal therapy. 
ER’s usefulness as a biomarker stems from its dependence on binding to estrogenic 
ligands, such as 17β-estradiol used in the signaling pathway. The prognosis of ER+ 
breast cancer is better than ER-negative ones. Still, nearly 30% of patients are likely 
to have a relapse under chemo-adjuvant therapy [49–51].

2.10  Progesterone Receptor

PR expression is also a significant prognostic biomarker in breast cancer progres-
sion. PR is a gene target stimulated by ER and it is a regulator of the estrogen recep-
tor. It is expressed in more than 50% of ER+ cancers. Low or no expression of PR 
in ER+ cancers is related to a more aggressive also highly proliferative disease, with 
a worse prognosis and worse clinical features. When PR agonists like progesterone 
and progestin are used, PR associates with ER and regulates ER chromatin binding 
in cancerous cellular nuclei, forming a gene expression pattern match that leads to 
better clinical outcomes [52, 53].

2.11  Human Epidermal Receptor 2 (HER2)

The human epidermal receptor 2 protein (HER2/c-ErbB2) belongs to the ErbB fam-
ily, which involves plasma membrane-bound receptor tyrosine kinases. C-erbB2 is 
the growth factor receptor encoded by HER2 proto-oncogene, and it is overex-
pressed in breast cancer. HER2 dimers phosphotyrosine residues in the cytoplasm 
and triggers the signaling cascades of Ras/MAPK, PI3K/Akt, and STAT pathways, 
which as a result promotes cellular proliferation, migration, and adhesion and 
enhances the life span of cells. The detection of HER2 overexpression is both a 
prognostic and a predictive indicator. Nearly 15–20% of all breast cancers tests 
response are positive for the HER2 gene. Multivariate analyses also have shown a 
correlation between HER2 gene amplification and poor clinical outcome, 
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pinpointing ER2 as a prognostic factor. HER2 is also a predictive histological 
marker, as evaluation of HER2 status is a key component in the classification of 
patients into different therapy regimens [54, 55].

2.12  Ki67

Ki67 is a relatively new prognostic marker for breast cancer. It is a cell proliferation 
marker and is expressed in cellular nucleoli. Ki67 expression is related to tumor 
grade, mortality rate, disease-free survival, and distant metastasis. When there is a 
20% increase in Ki67 expression after neoadjuvant therapy, the disease-free and 
overall survival rates will be lower when compared to patients with stable or 
decreasing Ki67 expression [56, 57].

2.13  Staging

Breast cancer staging was made by TNM system (Tumor size, Lymph Node status, 
metastases) in the year 2018 [58]. Since then, tumor grade, estrogen receptor status, 
progesterone receptor status, and HER2 status have been added to the classification 
criteria. Table 1 is a general table showing the meaning of different stages. The basic 
and non-detailed staging of breast cancer is summarized in Table 2.

2.14  Grading

The histological grade is done according to tumor differentiation, nuclear grade, 
and several mitoses. A grade is attributed to every parameter, and the total score 
ascertains if the tumor is graded as I, II, and III. The 5-year survival rate of grade III 
cancers is around 35%.

Table 1 The clinical meaning of the cancer stages

Stage Clinical meaning

Stage 0 Abnormal cells are present
Stage I, stage II, and stage III Cancer is present
Cancer Cancer has spread to distant parts of the body
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Table 2 TNM cancer stages

Tumours T0/Tis T1 T2 T3 T4

Tumour 
size

T0: No 
primary 
tumour Tis: 
tumour only in 
breast ducts or 
lobules

≤2 cm >2–≤5 cm >5 cm Tumour of any 
size with 
extension to 
chest wall/skin 
(ulceration or 
skin nodules)

Nodes N0 N1 N2 N3
N0 lymph 
node 
metastases

Metastases 
in 1–3 
axillary 
lymph nodes

Metastases 
in 4–9 
axillary 
lymph nodes

Metastases in 
infra- or 
supraclavicular 
lymph nodes or in 
≥10 axillary lymph 
nodes

Metastasis M0 M1
No evidence 
of cancer 
metastasis

Cancer 
found in 
other areas 
of body

3  Clinical Treatment for Breast Cancer

3.1  Surgery

The first-choice treatment option for locoregional breast cancer is surgery. At the 
beginning of the 1900s, breast cancer was mostly treated by radical mastectomy 
together with removal of lymph nodes in the axilla and excision of both major 
pectoral muscles. This technique was then replaced by breast conservation surgery 
(BCS) when the survival after lumpectomy and radiation seemed to be equal to 
that of radical mastectomy. Also, it is now well understood that breast cancer is not 
a local disease as it spreads by micrometastases via the bloodstream, so lymphad-
enectomy would not increase survival and it can only be accepted as a prognostic 
factor. Advanced breast cancer screening resulted in the detection of non-palpable 
carcinomas, bringing together the settlement of a localization approach for sur-
gery. Later, the development of various systemic interventions like chemotherapy 
and adjuvant and endocrine therapies led to the search for less aggressive and 
harmless techniques for controlling the localized disease. Rather than removing 
the axillary lymph nodes, sentinel lymph node biopsy (SLNB) introduced in 1994 
by Giuliano is a great advance in breast cancer surgery as the procedure has >98% 
accuracy with negative results and no more dissection is carried out. Also, with 
positive SLNB results, complete axillary lymph node removal is of no use for 
enhanced locoregional control and overall survival. This procedure is more com-
fortable than complete axillary dissection as the risk of lymphedema is much lower 
[59–61].
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3.2  Radiation

Radiation has an important part in local disease control. Radiation therapy is ben-
eficial in large tumors above 5 cm or if the tumor has invaded the skin or chest 
muscle and lymph nodes are positive. Radiation is also a good palliative therapy 
option for tumors metastasized to the central nervous system (CNS) and bones 
[62, 63]. It is also effective in the treatment of stage 0 carcinoma (ductal carci-
noma in situ). Radiation therapy can also control nodal disease in high-risk patients 
with advanced- stage cancer. Patients generally receive post-mastectomy radiation 
if they have ≥4 positive axillary lymph nodes, T3 tumor size, and positive surgical 
margins, also with locally advanced or inflammatory breast carcinoma. Radiation 
will be useful for patients with lymphovascular invasion, younger age, higher-
grade tumors, or hormone receptor-negative (triple-negative breast cancer) 
[64–66].

3.3  Medical Oncology

Hormone receptor evaluation is routinely done to estimate prognosis and estimation 
of response to endocrine treatment. Estrogen and progesterone receptors and HER2/
neu are analyzed by IHC. Breast carcinomas are divided into luminal (ER+ and/or 
PR+), triple-negative (ER−, PR−, and HER2−), and HER2+ types on a molecular 
basis. Luminal carcinomas have the best, while triple-negative carcinomas have the 
worst prognosis. Treatment and medication regimens are planned according to these 
analyses. Chemotherapy, hormone therapy, and targeted therapy are the applicable 
treatments for breast cancer [67].

3.4  Adjuvant Chemotherapy

Adjuvant chemotherapy following initial surgery is highly recommended for 
patients at risk of recurrence. Cyclosporine, taxanes (docetaxel and paclitaxel), 
and anthracyclines (epidoxorubicin and adriamycin) are mostly used in chemo-
therapy pharmaceuticals. There is a 25% reduction in relapse risk over 10–15 years 
of time with the use of first-generation chemotherapy drugs like cyclophospha-
mide, methotrexate, and 5-fluorouracil (CMF) for a 6-month cycle. The mortality 
caused by breast cancer is also decreased by 30% over 15 years [67, 68].
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3.5  HER2-Directed Therapy

Trastuzumab increases the survival of patients (who have HER2+ breast cancer) if 
early-stage cancer occurs and is strongly recommended to be administered along 
with chemotherapy. The drug is a monoclonal antibody of HER2 which is useful in 
patients with overexpressed HER2 genes. In metastatic cancer, trastuzumab used 
together with taxanes is known to improve survival. Because of the cardiotoxic 
effects of anthracycline and trastuzumab-containing medications, non- anthracycline 
and taxane-containing drugs can be the drugs of choice. Together with any chemo-
therapy regimen, trastuzumab should be administered for 1 year, with cardiac test-
ing every 3  months. Pertuzumab which is a monoclonal antibody targeting a 
different site of HER2 receptor can also be considered by physicians [69, 70].

3.6  Endocrine Therapy

Patients with ER+ or PR+ breast cancers should receive endocrine therapy. 
Aromatase inhibitors are the drugs of choice. If the risk of osteoporosis is high in 
the patient or aromatase inhibitors are not well tolerated, tamoxifen can be used. 
The treatment response is better when the tumor is both ER and PR positive. 
Treatment starts after chemotherapy is finished. The common regimen for endo-
crine therapy is tamoxifen at a dose of 20 mg/day administered orally for 5 years 
and can be prolonged to 10 years if necessary. Tamoxifen is a competitive estrogen 
receptor antagonist. It’s contraindicated in patients who had a previous deep vein 
thrombosis (DVT). Recently, it is clarified that third-generation aromatase inhibi-
tors are more beneficial for recurrence reduction in comparison with tamoxifen in 
the postmenopausal period. So, aromatase inhibitors are better included in endo-
crine therapy in postmenopausal women. After menopause, the main production 
pathway of estrogen is the peripheral conversion from androgens by aromatase, an 
enzyme located predominantly in adipose tissue. That’s why aromatase inhibitors 
are more beneficial, as they seize the production of estrogen, while tamoxifen deac-
tivates the already produced hormone [71–73].

3.7  Therapy for Metastatic Disease

The metastatic disease is accepted to be incurable, so the goal of therapy in meta-
static patients is to extend life span and minimize symptoms and side effects. 
Patients with ER+ or PR+ and HER2 breast cancers generally have endocrine ther-
apy several times before getting single-drug chemotherapy. Taxane together with 
trastuzumab or pertuzumab is needed to be given to patients with HER2+ metastatic 
breast cancer. Latest therapies mostly include trastuzumab-memantine, lapatinib, or 
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trastuzumab combined with single chemotherapy drugs. The single and efficient 
choice of treatment for patients with ER−, PR−, and HER2− (triple-negative) 
breast cancer remains to be chemotherapy [74–76].

4  Important Tumor Markers for Breast Cancer

A tumor marker is defined to be any substance found in blood, urine, or any other 
body fluids that are elevated by any type of cancer. The tumor itself can produce a 
tumor marker, or its level is raised as a host defense against a tumor. An ideal tumor 
marker will have high specificity and sensitivity to detect low tumor burden to be 
useful in early diagnosis and screening [77]. Tumor markers are most useful in 
monitoring disease progression after chemotherapy and radiotherapy cycles are 
completed to evaluate the efficacy of different treatment options. From a clinical 
perspective, both primary and recurring breast cancer are needed to be detected 
early, as treatment decisions can be made while the tumor burden is not high, and 
when patients are candidates to respond to adjuvant therapy. Recently, the serum 
tumor marker levels are used to determine tumor activity. Tumor markers are mini-
mally invasive, low-cost tools, and they provide data priceless for disease follow-up, 
prognosis, and therapy options [78, 79].

The tumor markers with the highest clinical utilization and suggested for use in 
follow-up involve CA 15-3, CA 27-29, CEA, ER, PR, and HER2 [80].

Among these, HER2, ER, and PR are immunohistochemically detected markers 
that have mostly prognostic values as discussed above.

4.1  Serum Markers

CA 15-3, CA 27-29, and EA are serum markers that can be used in breast cancer. 
CEA is a glycoprotein cell surface receptor used as a common tumor marker for 
colorectal, gastrointestinal, lung, and breast cancers. CEA is helpful in diagnosis, 
staging, post-surgery recurrence, and treatment monitoring in patients undergoing 
chemotherapy/radiotherapy. CA 15-3 detects MUC1 protein which is the most 
widely used serum marker in breast cancer patients. Its detection is very important 
for the early detection of recurrent or metastatic disease [81]. The other serum 
marker is the CA 27–29 which has been approved by the US FDA for monitoring of 
breast cancer [82].
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4.2  Diagnostic Markers of Breast Cancer

4.2.1  BRCA1/BRCA2 Mutations

Breast carcinoma has subtype types which vary in the site they appear and their 
potential for invasion. Most breast cancers are sporadic meaning that they do not 
have any family cancer histories or genetic vulnerabilities. However, approximately 
15% of breast cancers are classified as familial in which a patient’s first- or second- 
degree relatives are affected. Nearly 10% of breast cancer cases are caused by inher-
ited germline mutations in proto-oncogenes. Today, over 25 tumor-suppressing 
genes are known to be related to hereditary breast cancer which takes part in 
genome-stabilizing pathways, especially in DNA repair. BRCA1 and BRCA2 are 
two well-defined and highly penetrant tumor suppressor genes. Mutated BRCA1 
and BRCA2 genes are detected in nearly 25% of inherited breast cancer cases 
[83–87].

BRCA1 and BRCA2 are producing elements for the repair of double-stranded 
DNA breaks. BRCA1 mutation mostly causes the development of triple-negative 
breast cancer (TNBC) with a high proliferation rate. On the other hand, BRCA2 
mutation carriers tend to develop ER + or PR+ breast cancers. In a recent study, it 
was proposed that patients with germline BRCA1/2mut ER+ genes had a higher 
risk of recurrence and cancer-caused mortality in comparison with noncarriers. 
BRCA gene mutations cause the chromosomes to be unstable, and chromosome 
breaks are accepted to be predictive biomarkers. BRCA1 and BRCA2 complex with 
various proteins which protect the genome through damage signal control and initi-
ate maintenance by different effectors [88–90].

Extensively proliferated cancer needs higher oxygen use and, when combined 
with inadequate blood supply to the tumor, causes tissue hypoxia [91–93].

DNA extraction from peripheral blood samples and polymerase chain reaction 
(PCR) analysis is routinely carried out to detect BRCA1 and BRCA 2 mutations. 
Negative control DNA is extracted from a patient without any BRCA mutations. 
Oligonucleotide primers of known sequences are used and DNA is amplified. 
Positive control DNA is obtained from BRCA mutation carriers’ blood. Both con-
trol DNAs are fragmented by restriction enzyme digestion and proofed by DNA 
sequencing. Negative control, positive control, and blank sample without any DNA 
(contamination check) are studied in each batch [94].

Direct genetic screening and PCR analysis are expensive procedures. As an alter-
native, immunohistochemistry (IHC) for BRCA is a less-complicated, easy to per-
form, and cheaper protocol that is applied in the most pathological laboratories 
[95, 96].

BRCA1 and BRCA2 mutation analysis can be done at the time of diagnosis, so 
BRCA mutation status has to be evaluated in treatment and determination of pre-
ventive precautions for carriers of this mutation. Women who are candidates for 
BRCA mutation-associated breast cancer are candidates for either breast- conserving 
surgery or double mastectomy [97].
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MIP technology was applied for the first time for the detection of BRCA1 by 
You and coworkers with gold nanoparticle-reduced graphene oxide-modified 
glassy carbon electrode covered with the layer of MIP synthesized with rhoda-
mine B as a template, methacrylic acid as the monomer, and nafion as additive 
(Fig. 4) [98]. DNA probes were constructed on SiO2@AgNPs to form SiO2@Ag/
DNA. The hybridization process was performed with rhodamine B-labeled DNA 
and SiO2@Ag/DNA. All conditions were optimized, and the developed biosensor 
showed linear behavior between 10 fM and 100 nM with a low detection limit of 
2.53  fM.  The application procedure was applied in serum samples, and results 
showed that the developed biosensor could be successfully applied in clinical 
diagnostics.

Fig. 4 The fabrication of MIP-based biosensor for the detection of BRCA1. Inset of (a) represen-
tation of SiO2@Ag/DNA (b) the hybridization of DNA. AuNPs-GO gold nanoparticle-reduced 
graphene oxide, PVP polyvinylpyrrolidone, HS-DNA human serum DNA, SiO2 silicium dioxide, 
PBS phosphate buffer saline. (Reprinted from [98] with the permission of Elsevier)
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4.2.2  Human Epidermal Receptor 2 (HER2)

The proto-oncogene HER2/neu (C-erbB2) has been localized to chromosome 17q 
and encodes a transmembrane tyrosine kinase growth factor receptor. It is well 
known that HER2-positive tumors are more aggressive and generally have a higher 
grade with a high proliferative rate. HER2 gene amplification and its receptor pro-
tein overexpression are known to be associated with poor prognosis [99, 100].

In current practice, HER2 is assessed by IHC to evaluate protein expression and/
or by fluorescence in situ hybridization (FISH) method to evaluate gene amplifica-
tion. Immunohistochemically staining is graded in a semiquantitative manner, with 
no (0) to incomplete, faint (1+) membrane staining being negative; incomplete and/
or weak/moderate (2+) membrane staining being equivocal; and complete, intense 
(3+) membrane staining being positive [101]. When IHC 2+, it indicates there is 
indeterminacy in the Her2/neu protein expression; FISH, which is considered a gold 
standard, evaluates HER2 gene amplification at the DNA level. HER2 status confir-
mation has become a very important step in breast cancer as it is critical for both 
prognosis and defining therapy alternatives. Anti-HER2 treatments are effective in 
HER2-positive breast cancers, especially monoclonal antibodies like trastuzumab. 
These drugs have significantly improved the prognosis of patients with or without 
metastasis, as described above in the “treatment section.” Therefore, correct detec-
tion of Her2/neu with high sensitivity and specificity is critical. The recent ASCO/
CAP 2013 criteria are used in the detection of Her2/neu in the diagnosis, prognosis, 
treatment, and management of breast cancer [102].

The extracellular domain of the human epidermal growth factor receptor 2 
(HER2-ECD) is a protein breast cancer biomarker, and its determination from 
peripheral blood is important for diagnosis. Pacheco and coworkers developed a 
HER2-ECD biosensor that is MIP-based gold screen-printed electrode (Fig.  5) 
[103]. Phenol was chosen as a monomer; electropolymerization was applied for the 
polymerization of the monomer. The characterization study of the sensor was 
applied with cyclic voltammetry and electrochemical impedance spectroscopy. The 

Fig. 5 Representation of MIP/AuSPE for the quantification of HER2-ECD. (Reprinted from 
[103] with the permission of Elsevier)

N. K. Bakirhan and C. Yucel



319

quantification of HER2-ECD was performed by differential pulse voltammetry 
using a ferri/ferro redox probe. The calibration study resulted in a 10–70  ng/ml 
linear range with a LOD of 1.6 ng/ml and LOQ of 5.2 ng/ml. The selectivity of the 
sensor was tested with selected molecules, and the proposed sensor was found as 
selective. The recovery was achieved with adequated values.

4.2.3  Serum Tumor Markers of Breast Cancer: Carcinoembryonic 
Antigen (CEA) and Cancer Antigen (CA) 15-3

Serum tumor biomarkers may have potentially useful applications in many clinical 
settings, such as tumor staging, and treatment monitoring recurrence detection dur-
ing follow-up [104].

Breast cancer is the second most common type of cancer worldwide. The disease 
is heterogeneous, caused by various genetic and environmental factors and several 
risk factors. In recent years, serum tumor marker levels have been widely utilized to 
detect tumor activity. Tumor markers give the possibility of a minimally invasive 
low-cost source of data amenable for monitorization of disease, prognosis, and 
helpful treatment plans. Individual test specifications and limitations for each tumor 
marker should be well known for optimal use of these markers and a better under-
standing of results [79].

The tumor markers accepted for clinical utilization and recommended for use in 
the routine are CA 15-3, carcinoembryonic antigen (CEA), estrogen receptor (ER), 
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). 
ER, PR, and HER2 have been described in the above sections, and they are immu-
nohistochemical markers. Among serum markers, CEA and CA 15-3 come to 
the front.

Electrochemical methods are sensitive and rapid, but selectivity may be a prob-
lem for some applications. MIPs are interesting materials for solving selectivity 
problems in systems. According to one study in 2018, 2-aminophenol was polymer-
ized for MIP fabrication with CA 15-3 (Fig. 6) [105]. MIP was fabricated on AuSPE 
in two ways: firstly, CA 15-3 was absorbed on the bare electrode surface, AuSPE, 
and, secondly, there is electropolymerization of 2-aminophenol around the CA 15-3 
on the surface of AuSPE. For the evaluation of the performance MIP-based devel-
oped sensor, an extraction step was applied, and the difference between the before 
and after template signal magnitudes was evaluated in ferri/ferro redox solution. 
The proposed sensor was investigated by the obtained responses of MIP and NIP via 
voltammetry and electrochemical impedance spectroscopy. The linearity behavior 
was observed between 5 and 50 U/mL with a detection limit of 1.5 U/mL. Selectivity 
of the developed sensor was checked with HER2 and cysteine (Cys), a biomarker of 
kidney function; as a result, HER2 had some interference. The developed sensor 
gave a response in a short time like 15 min. Hence, the sensor could be integrated 
into a small portable point of care device.

Poly(toluidine blue) is a conducting polymer; it was used for the MIP formation 
as a synthetic receptor for the detection of CA 15-3 on the AuSPE surface [106]. 
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Fig. 6 Selectivity study of MIP/AuSPE. HER human epidermal growth factor receptor, Cys cys-
teine. (Reprinted from [105] with the permission of Elsevier)

The binding affinity of the MIP system against NIP was found as higher than 
12-fold. Differential pulse voltammetry was applied, and the linear range was 
observed between 0.10 U/ml and 100 U/ml with 0.1 U/ml LOD in a neutral buffer 
solution. Serum samples were used for the application of the developed sensor. The 
rapid, sensitive, and selective sensor was obtained with satisfactory recovery results.

O-phenylenediamine is the most popular monomer; it is used in many studies for 
the selective determination of analytes. CA15-3 was detected by the electrochemi-
cal polymerization of o-phenylenediamine on the AuSPE surface [107]. The surface 
was characterized by Raman and atomic force microscopy. The developed device 
showed linearity between 0.25  U/mL and 10  U/mL with 0.05  U/mL LOD.  The 
CA15-3 detection was successfully applied from PBS buffer and serum samples.

In another study, pyrrole was electropolymerized around the CA15-3 marker on 
a fluorine-doped tin oxide (FTO) conductive glass [108]. Ethanol was used for the 
removal of CA15-3 from the MIP cavity. The analysis procedure was performed in 
a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, of pH 6.5. 
According to a calibration study, LOD was found as 1.07 U/mL for CA 15-3, with 
a linear response from 1.44 to 13.2 U/mL. The applicability of the developed sensor 
was tested in spiked serum samples with high accuracy.

4.2.4  Carcinoembryonic Antigen (CEA)

Carcinoembryonic antigen (CEA) is the most extensively utilized tumor marker in 
the clinical setting. CEA family in humans is well characterized. It consists of 29. 18 
of these genes are expressed; 7 of them belong to the CEA subgroup and 11 of them 
are included in the pregnancy-specific glycoprotein subgroup. Members of the CEA 
subgroup are associated with the cell membrane, and they are selectively expressed 
in the epithelial cells. 45–50% of CEA is composed of carbohydrate moieties. It is a 
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single polypeptide chain that contains 641 amino acids, and the N-terminal position 
contains lysine amino acids. It is well known that invasion and metastasis of cancer 
cells are associated with adhesion mechanisms. CEA may play an important role in 
the alteration of cellular adhesion because of its epithelial properties [109, 110]. A 
continuous rise in CEA levels in breast cancer patients can be a sign of recurrence or 
poor response to treatment. For evaluation of recurring disease after treatment, 
5 months for an increase in CEA levels will be beneficial. CEA levels are also higher 
in patients with end-stage or metastatic disease when compared to ones with local 
disease. For screening of the general asymptomatic population or initial cancer diag-
nosis in a high-risk group, CEA level determination will not be sufficient as it has 
relatively low sensitivity and specificity. CEA is better to be used to help with diag-
nosis, postoperative recurrence, clinical staging, and monitoring of the therapeutic 
response in patients receiving medical or radiation therapy [111].

In metastatic patients, CEA levels are elevated. Preoperative CEA levels are also 
well correlated with pathological stage and tumor burden. The size of the tumor 
(primary or metastatic) is also directly proportional to blood CEA levels. Lately, 
CEA is being replaced by more specific markers, such as CA 15-3. Single use of 
CEA is known to be nonspecific for breast cancer diagnosis. The combined usage of 
CEA and CA 15-3 together with clinic pathological parameters will be more accu-
rate for the detection of metastasis in breast cancer patients [112].

4.2.5  Cancer Antigen (CA) 15-3

CA 15-3 is a carbohydrate-containing protein antigen called mucin (MUC). CA 
15-3 belongs to the MUC1 family. Although the MUC1 gene is found in several 
tissues, its core protein is identical among tissues. Differences in the level of glyco-
sylation (carbohydrate content) are used for the discrimination of the protein among 
different tissues. The carbohydrate content of breast tissues is quite high, nearly 
about 50%. Even though the physiological significance of MUC1 proteins is not 
well understood, they are considered to reduce cell-to-cell interaction and inhibit 
the lysis of tumorous cells. The CA 15-3 is so-called because of a combination of its 
molecular composition and the assays developed to detect it. The numbers 15-3 
represent the antibodies utilized in immunoassay detection of the antigens.

There is an overexpression of the MUC1 gene in breast malignancies, which 
allows the use of gene product CA 15-3 as a tumor marker in this disease. CA 15-3 
is accepted as a specific blood marker for breast cancer because of its higher speci-
ficity to breast tissue when compared with CEA. Still, it should be kept in mind that 
CA 15-3 levels also increase in other malignancies such as the cancers of the pan-
creas, lung, ovaries, colon, and liver. CA 15-3 levels were also found to be elevated 
in benign breast diseases which comprises a false positivity. Like CEA, CA 15-3 is 
also a more powerful marker in the determination of prognosis and monitorization 
of treatment efficiency in breast cancer. CA 15-3 serum levels also correlate with 
disease severity (stage) and/or with tumor size. It is also reported to be an indepen-
dent prognostic factor in metastatic breast cancer patients [113, 114].
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4.2.6  Detection of CEA and CA 15-3 in Serum

The reference range of CEA in the healthy population is accepted as <3.0 ng/mL for 
nonsmokers, 3.0–5.0 ng/mL for smokers, gray zone between 5.0 and 10 ng/mL, and 
>10 ng/mL for cancer. CA 15-3 is measured in units per milliliter (U/mL). A normal 
test should be less than or equal to 30 U/mL.

CEA and CA 15-3 determination are available on numerous automated analysis 
platforms. Due to the highly heterogeneous nature of polyclonal antibodies used for 
detection of these markers, it is suggested that the same assay will better be used for 
serial monitoring. The major principle is that immunoassays are based on detection 
by antigen-antibody binding. Generally, two-site immunoenzymatic sandwich 
assays are commonly used. The most commonly used techniques are chemilumi-
nescent microparticle immunoassay (CMIA) and electrochemiluminescence immu-
noassay (ECLIA). The 95% level of confidence and measuring range for both assays 
are around 0.5–1500 ng/mL. Both assays have high sensitivity and specificity of 
over 90%, with diagnostic sensitivities greater than 95%, and they can be used in 
routine analysis of tumor markers in serum with different available autoanalyzer 
systems found in routine laboratories [115].

4.2.7  Co-evaluation of CEA and CA 15-3 Levels in Breast Cancer

Serum tumor markers have critical roles in disease screening, early detection of 
recurring disease, and monitorization of treatment in a variety of cancers when used 
together with traditional pathological factors like size and grade of tumors, lymph 
node status, and molecular biomarkers like hormone receptor status and HER2 
expression. CEA and CA15-3 are the two most commonly used serum tumor mark-
ers of breast cancer in the clinical setting for over 30 years. Recently, the prognostic 
value of preoperative evaluation of the levels of these serum markers in breast 
malignancies has gained much attention. Studies have shown that combined evalu-
ation of levels of these two markers before the operation will provide useful infor-
mation for the diagnosis and treatment of patients. CEA and CA 15-3 are 
complementary to one another as CEA has superior sensitivity of around 75%, 
while CA 15-3 is more specific (around 97%) to breast cancer. The combined usage 
of these two markers has yielded the highest diagnostic accuracy. The European 
Group on Tumor Markers has suggested co-evaluation of CEA and CA15-3 levels 
for prognosis, early progression, and treatment monitorization in breast cancer. But, 
single utilization of both markers for screening and diagnosis of early breast cancers 
without metastasis is limited to an extent because of relatively low sensitivity and 
specificity [111, 116].

Serial measurements of these markers in combination are useful for detecting or 
monitoring treatment efficiency in metastatic breast cancer patients because there 
usually is an elevation of the levels of these markers above the normal range in this 
group. In addition to their value in diagnosis and monitorization, increased levels of 
CEA and CA 15-3 at the time of systemic breast cancer recurrence are known to be 
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correlated strongly with patient prognosis. Since serum biomarkers are relatively 
easy, minimally invasive, and low cost, serial measurement of these markers can 
provide useful information for earlier detection of recurring diseases [113].

4.2.8  Tumor Marker Velocity

The major applications of serum tumor markers are known to be monitoring prog-
nosis and disease response to treatment. Clinicians accept that the serial measure-
ment of tumor markers in the blood is a simple test that can help the detection of 
recurrence within 9 months. Among the serum tumor markers evaluated for breast 
cancer, CA 15-3 and CEA come to the front as the two most sensitive and widely 
used ones. In recent years, a term known as “tumor velocity,” meaning the rate of 
the tumor marker increase in 1 year, is trying to be incorporated into clinical prac-
tice in detecting recurrence of breast cancer surveillance. Tumor marker velocity 
has been used for prostate cancer antigen (PSA) since 1992 for follow-up of the 
annual increase in PSA levels. Similar dynamics for tumor markers have not been 
defined for breast cancer yet. Evaluation of serum markers is a quick and relatively 
easy procedure with a high positive predictive value. That’s why a routine detection 
of CEA and CA 15-3 could be useful in the early detection of recurring cancer. 
Also, an increase above the highest level of the reference range in either of the levels 
of these markers during surveillance will be a sign of locoregional or distant organ 
metastasis in breast cancer. Tracking of marker levels for surveillance will be appro-
priate in 3–4-month intervals to detect early subclinical recurring disease. The serial 
detection of tumor markers should better be done in every 3–4 months, at least for a 
year. With a total time of 18 months, follow up with serial tumor marker measure-
ment, up to 60% detection rate of recurrence before any signs of clinical and/or 
radiological recurrence is found by elevation of the level of these markers. The 
optimal cutoff values for CA 15-3 and CEA velocity are 2.5 U/mL/year and 1.2 ng/
mL/year, respectively. Patients with either CA 15-3 velocity over 2.5 U/mL/year or 
CEA velocity greater than 1.2 ng/mL/year can be accepted to be nearly 40 times 
more prone to have recurring cancer. Tumor marker velocity might be a helpful 
contribution to absolute tumor marker measurements in discriminating between 
clinically important elevations in the level of these markers from baseline values. 
This in turn might be helpful in refining the clinical utilization of serial measure-
ments of CA 15-3 and CEA for follow-up of surveillance in breast cancer [113, 
117–119].

5  Conclusion

This chapter has attempted to outline breast cancer biomarkers. Clinical and imprint-
ing polymer technology applications are reported briefly. Clinical procedures take a 
long time and heavy workload, requirement of many personnel, and expensive 
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devices. The progress in the molecularly imprinting technology showed that the 
sensitive, fast, and selective detection of breast cancer markers has been achieved 
with electrochemical methods. Their cheap, stable, and long-life features make 
them preferred. In recent years, breast cancer biomarkers could be easily detected 
with developed electrochemical molecular imprinted polymers based on disposable 
small devices.
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IO  Iron oxide (γ-Fe2O3)
iTSL  Imaging thermosensitive liposome
JNP  Janus nanoparticle
Lips/LP  Liposome
LMWC  Low-molecular-weight chitosan
MDP  Muramyl dipeptide
MoO2  Molybdenum oxide
MPI  Magnetic particle imaging
MPN  Metal phenolic nanoparticles
MSC  Mesenchymal stem cell
Nd  Neodymium
NGO  Nano graphene oxide
OA  Oleic acid
PAA  Poly acrylic acid
PCL  Polycaprolactone
PDA  Polydopamine
PFP  Perfluoropentane
PLI  Photoluminescence imaging
PMPC  Poly[(2-methacryloyloxy) ethyl phosphorylcholine]
PVP  Polyvinyl pyrrolidone
TM  Thermosensitive magnetoliposome
UCL  Upconversion luminescence
UCNP  Upconversion nanoparticles
USIONPs  Ultrasmall iron oxide nanoparticles
XFCT  X-ray fluorescence computed tomography

1  Introduction

Medical imaging is a technique that involves imaging of the interior body organs for 
clinical interventions and visual representation of physiological organs, thus com-
prising both molecular and anatomical imaging. Optical imaging, single-photon 
emission computed tomography (SPECT), and positron emission tomography 
(PET) are molecular imaging modalities wherein they are used to visualize pro-
cesses at the molecular and cellular levels. Whereas structural or anatomical imag-
ing techniques like ultrasound (US), X-ray computed tomography (CT), 
photoacoustic imaging (PAI), and magnetic resonance imaging (MRI) give infor-
mation about anatomy [1–4]. Traditional imaging contrast agents like iohexol 
(iodine-based, used for CT), gadodiamide (gadolinium-based, used in MRI), and 
barium sulfate (barium-based, used in CT) are limited due to nonspecific distribu-
tion, low spatial resolution, and toxicity [2]. On the other hand, nanoparticles when 
used as imaging probes or contrast agents are found to improve imaging by provid-
ing better spatial resolution. Nanoparticles can also be functionalized by targeting 
moieties to enhance signal sensitivity at cellular and molecular levels [3]. The 
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ability to monitor biological processes and functional visualization are some addi-
tional advantages when nanoparticles are used as imaging agents, for example, the 
use of nanoparticles for molecular imaging of angiogenesis and noninvasive imag-
ing of macrophages [4, 5].

Nanoparticles investigated for biomedical imaging applications can be broadly 
classified into organic and inorganic materials. Inherent molecular properties of 
inorganic nanoparticles allow them to create contrast upon imaging. An example of 
this intrinsic property is the high number of electrons moving freely between the 
conduction and valence bands of metallic nanoparticles [6]. Their application as 
contrast agents in different imaging modalities arises from the interactions of these 
free electrons. For example, the 3D shell of Fe+2 ion in superparamagnetic iron 
oxide nanoparticles (SPIONs) contains four unpaired electrons that give rise to 
superparamagnetism and therefore can be used as a contrast agent in MRI. Several 
SPION formulations such as Feridex®, Combidex®, and Resovist® have been used 
as MRI contrast agents in clinical settings. However, artifacts from magnetic sus-
ceptibility of the iron oxide core and toxicity limit the use of SPIONs in clinical 
settings [7–9]. Gadolinium (Gd)-based contrast agents have also been used for 
MRI; however, adverse effects such as nephrogenic systemic fibrosis have been 
associated with the release of free Gd ions from the agents [9]. Localized surface 
plasmon resonance (LSPR) of gold nanoparticles (Au NPs) has been used for opti-
cal imaging, PA, CT, and PET imaging [10]. Other inorganic nanoparticles used for 
bioimaging include upconversion nanoparticles (UCNPs), metallic nanoparticles 
composed of copper (Cu), silver (Ag), palladium (Pd), platinum (Pt), and carbon 
dots (C dots). These materials have also been used in conjunction with each other to 
achieve multiple imaging modalities for improved monitoring. For example, gold 
and copper sulfide (Au@CuS) core-shell nanoparticles were developed by Lv et al. 
for multimodal in  vivo surface-enhanced Raman spectroscopy (SERS) and PA 
imaging. Enhancement in the photothermal performance and imaging properties 
was observed due to LSPR coupling of CuS semiconductor and plasmonic Au metal 
into a single unit [11]. In another study, UCNPs@Bi@SiO2 nanoparticles were syn-
thesized as a core-shell structure, which was designed to protect the bismuth (Bi) 
core from oxidation by forming a silica (SiO2) shell around it. Applications of the 
nanoparticle involved upconversion luminescence (UCL) from UCNPs and CT 
imaging from the Bi core [12]. Additionally, inorganic nanoparticles commonly 
used in in vivo diagnostics are quantum dots (QDs) which are single crystals com-
posed of semiconductor materials ranging a few nanometers in diameter. The pres-
ence of Fermi levels between the valence and conduction bands makes optical 
excitation of QDs strongly size-dependent [13]. Organic nanomaterials for imaging 
include dendrimers, fullerenes, and lipid-based nanoparticles (liposomes, micelles, 
and lipid nanoparticles). Dendrimers are highly branched three-dimensional struc-
tures with successive generations showing an increase in payload capacity. 
Conjugation of drugs, imaging agents, and ligands on dendrimers is feasible due to 
the presence of functional groups on the surface and internal voids [14]. Liposomes 
are composed of phospholipid and cholesterol, with a lipid bilayer encapsulating an 
aqueous core, whereas micelles consist of a closed monolayer of lipid with the 
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polarity of the surface depending on the nature of the fatty acids [15]. Biocompatibility, 
self-assembly, and high bioavailability make lipid-based nanoparticles the most 
repeatedly FDA-approved class of nanomedicines. Examples of such FDA-approved 
liposomal formulations include Doxil®, DaunoXome®, OnpattroTM, Visudyne®, 
Marqibo®, Vyxeos®, etc. [16].

In comparison to inorganic nanoparticles, as organic nanoparticles often resem-
ble the structure of the imaging subject, they may be unable to produce adequate 
contrast. On the other hand, despite the favorable intrinsic properties of inorganic 
nanoparticles, they show substantial toxicity in vivo. To overcome the limitations of 
individual nanomaterials, a new generation of hybrid nanoparticles composed of a 
mixture or combination of these components is being explored. The combinations 
may include (i) organic and inorganic, (ii) organic and organic, or even (iii) inor-
ganic and inorganic components in a single platform which could lead to multiple 
imaging/therapeutic modalities. Components in these systems are judiciously cho-
sen to enhance integrated functionalities leading to better therapeutics and 
theranostics.

2  Hybrid Nanoparticles in Optical Imaging

Optical imaging is a minimally invasive technique that makes use of nonionizing 
light to procure images at cellular and molecular levels. Depending on the composi-
tion of the tissue, when light travels through it, photons undergo absorption, reflec-
tion, or scattering. These interactions are then analyzed by optical imaging systems 
to yield distinctive spectral signatures observed as images. For example, inelastic 
scattering of light is analyzed by Raman spectroscopy, whereas emission of light 
after its absorption is used in fluorescence and phosphorescence. The high spatial 
resolution of optical imaging is limited by its poor depth of penetration as there is 
scattering and absorption of visible light by biological molecules such as water, 
hemoglobin, and fats resulting in signal attenuation. However, this can be overcome 
by using near-infrared (NIR) light which shows relatively low scattering in biologi-
cal tissues [17]. Different types of optical imaging techniques include fluorescence, 
photoacoustic imaging, and Raman spectroscopy. Fluorescence imaging is the most 
widely used optical imaging technique due to its high specificity, sensitivity, and 
ability to image biomolecular interaction, cellular localization, and molecular and 
cellular movements [18]. Photoacoustic imaging is based on irradiation with a laser 
(usually NIR light) and the generation of a photoacoustic signal from tissues due to 
thermoelastic expansion upon absorption of incident radiation. The photoacoustic 
signals are then detected by a transducer to generate images [19]. Semiconductor 
and metallic nanoparticles that undergo radiative recombination of charge carriers 
exhibit fluorescence. Metallic nanoparticles show extraordinary optical properties 
due to surface plasmon resonance (noble metals) and sp-d band electronic transi-
tions. The quantum confinement effect in semiconductor quantum dots enables tun-
ing of emission color by varying the particle size. Semiconductor nanoparticles 
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doped with rare-earth metals that emit intense monochromatic light are also used as 
phosphors [20]. Combinations of these materials may be used to obtain multimodal 
imaging agents or enhance intrinsic properties in order to obtain better quantum 
efficiencies. Organic nanoparticles in optical imaging may be used to carry fluoro-
phores or in combination with metallic nanoparticles to make systems more 
biocompatible.

3  Nanoparticles in Fluorescence Imaging

A major advantage of fluorescence imaging as compared to other imaging tech-
niques is the high spatial resolution at microscopic levels. Apart from this, nanopar-
ticles can be used to load higher quantities of fluorescent dyes and prevent 
photobleaching effects. Strategies for use of nanoparticles in fluorescence imaging 
involve the use of inherently fluorescing nanomaterials or encapsulation of hydro-
philic/hydrophobic fluorescent dyes. Fluorescent molecules such as indocyanine 
green (ICG), cyanine dyes (e.g., Cy 5.5), doxorubicin (DOX), Nile red, etc. are 
commonly encapsulated in nanoparticle systems to enable fluorescence imaging. 
Encapsulation of such agents into a nanoparticle could lead to their targeted accu-
mulation compared to when used freely, thus increasing their efficacy as well. For 
example, a hybrid organic nanoparticle system synthesized using porphyrin lipid 
nanoparticles was used for the encapsulation of DOX. This enabled fluorescence 
which allows real-time detection of therapeutic effects of a nanosystem [21]. In 
another study, Luo et al. in 2021 successfully co-encapsulated a fluorescent dye Nile 
red and magnetic SPIONs into a polymeric matrix composed of methyl methacry-
late, styrene, and methacrylic acid to obtain P/Fe3O4/Nile red nanoparticles. Though 
close contact between the transition metal in Fe3O4 and the fluorescent dye led to 
some quenching, the nanoparticles exhibited bright orange-red fluorescence under 
UV irradiation [22]. Dong et al. in 2019 synthesized a composite hydrogel system 
based on CpG NPs (cytosine-phosphate-guanine nanoparticles) and IR820 hydro-
gel. The CpG NPs were synthesized using genipin as a cross-linker, whereas the 
IR820 copolymer hydrogel was synthesized by self-assembly of IR820- 
αcyclodextrin co-polymer and polyethylene glycol (PEG4000). The resulting IR820 
conjugated hydrogel loaded with self-cross-linked CpG NPs was capable of self- 
dual fluorescence and immuno-photothermal therapies. Genipin in the CpG NPs 
showed emission at 670 nm after excitation at 595 nm, and the IR820 copolymer 
showed emission at 840 nm after excitation at 735 nm. The authors successfully 
discriminated dual fluorescence by in  vitro experiments demonstrating red and 
green fluorescence of CpG NPs and IR820 hydrogel, respectively, and a yellow 
fluorescence from the CpG NPs/IR820 hydrogel system (Fig. 1a). Quantitative esti-
mation of fluorescence signal intensity enabled the authors to detect the rate of 
hydrogel degradation and CpG release from the hydrogel as depicted in Fig.1b, c. 
Thus, the composite hydrogel system enabled real-time tracking of therapy based 
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Fig. 1 Fluorescence images of CpG NPs/IR820 hydrogel. (a) In vitro imaging showing dual fluo-
rescence of CpG NPs/IR820 hydrogel, (b) In vivo fluorescence imaging for respective nanoparticle 
formulations, (c) quantitative estimation of fluorescence signal intensity of different animal groups 
(n = 3). (Image adapted from Ref. [27])

on the optical properties of the individual components of the composite hydrogel 
system [23].

Jiang et  al. 2019 synthesized afterglow luminescent nanoparticles (ALNPs) 
which showed long-lasting fluorescence even after excitation was discontinued. The 
afterglow luminescence of the ALNPs was based on the assembly of three compo-
nents, namely, the afterglow initiator, substrate, and relay unit. The initiator, i.e., a 
photosensitizer (PS), served as an agent to absorb and convert energy from a source 
of light into ROS which would act as a substrate to form a chemiluminescent inter-
mediate; the relay unit, i.e., a fluorescent agent would then release photons by 
absorbing energy from this intermediate by means of chemically initiated electron 
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Fig. 2 Study of penetration depth of ALNPs. (a) Images representing afterglow of different 
ALNPs from various depths of breast tissues of chicken, (b) signal-to-background ratio of the 
afterglow of different ALNPs, (c) schematic representation of optical imaging in vivo, (d) images 
representing afterglow of different ALNPs in vivo, (e) quantitative estimation of the signal-to- 
background ratio of afterglow. (Image adapted from Ref. [28])

exchange luminescence. Authors tried different combinations of materials for each 
of the components and tested the nanosystems quantitatively for their afterglow 
intensities (Fig. 2). The selected system was based on the use of semiconducting 
amphiphilic copolymers as their relay unit. The copolymer-based nanoparticles 
showed superior afterglow luminescence, reduced signal-to-background ratio, and 
were able to image up to tissue depths of 5 cm [24].

A system based on Au nanoclusters (AuNC) loaded in albumin (BSA) nanopar-
ticles was synthesized by Park et al. 2019 for fluorescence imaging and photother-
mal therapy [25]. The use of quantum dots for fluorescence or optical imaging was 
demonstrated by Kumawat et  al. 2019. The authors synthesized graphene oxide 
sheets which were functionalized with graphene quantum dots (GQDs) using poly-
ethyleneimine (PEI) linkers to yield GO-PEI-GQDs. The presence of a metal oxide 
surface in close proximity to a QD often results in quenching via photoinduced 
charge transfer. However, these effects were avoided with the use of PEI which 
prevented quenching effects and thus acted as a photoluminescence enhancer. 
Further, the authors showed that the emission of GO-PEI-GQDs was dependent on 
the excitation wavelength which varied with the pH of the medium (Fig. 3a). The 
red and green fluorescence exhibited by GO-PEI-GQDs is represented in Fig. 3b–d 
[26]. In another study by Liu et al. 2020, the authors used carbon nanosheets (CN) 
to embed graphitic carbon nitride quantum dots (g-C3N4). The authors employed 
g-C3N4 QDs as a means to introduce fluorescence imaging in the system due to their 
favorable properties such as high quantum yield and wide emission range. The 
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Fig. 3 (a) Optical images of GQDs under daylight and UV excitation at 375 nm, before and after 
dialysis, (b–d) green and red fluorescence of GO-PEI-GQDs as observed under a confocal micro-
scope. (Image adapted from Ref. [30])

fabricated CNQD-CN nanoparticles showed emission at 363 nm (Fig. 4a) observed 
in the form of blue fluorescence after UV excitation. Figure 4b, c show the NIR 
imaging ability of CNQD-CN nanoparticles in  vivo which shows bright fluores-
cence [27].

One of the strategies to avoid quenching as observed in rare-earth-doped nanopar-
ticles is the fabrication of a core@shell structure that prevents the interaction of 
emitting ions with its surrounding. This strategy was employed by Ortgies et al. in 
2018 wherein the synthesized NaYF4: Yb, Nd@CaF2 core@shell nanoparticles. The 
calcium fluoride (CaF2) shell prevented the interaction of NaYF4: Yb, Nd@CaF2 
core with the surrounding medium, thus reducing quenching. With tuning of rare- 
earth doping, the authors were also able to tune the luminescence lifetime of the 
core@shell nanoparticles [28].

4  Nanoparticles in Photoacoustic/Ultrasound Imaging

Photoacoustic imaging is an emerging modality that makes use of Au- and CuS- 
based nanostructures to generate contrast. Metal nanoparticles are often employed 
as a result of their intense PA signal. Plasmonic or AuNPs were among the first 
nanoparticles to be used as PAI contrast agents and are still studied today with 
respect to varied shapes and sizes. Some examples highlighting the use of hybrid 
nanoparticles for PAI are discussed in the following section. Kim and colleagues 
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Fig. 4 (a) UV-vis spectrum of CNQD-CN with inset showing before and after irradiation with 
365 nm laser, (b) NIR imaging of CNQD-CN in vitro, (c) representative images showing in vivo 
NIR imaging using CNQD-CN. (Image adapted from Ref. [31])

synthesized silver-coated gold nanorods (Ag-AuNR) to treat bacterial infections 
assisted by PAI. The fabricated Ag-AuNR nanoparticle showed loss or recovery of 
AuNR photoacoustic signal depending upon the presence or absence of the sur-
rounding Ag shell. Decomposition or etching of the Ag shell was observed under 
mild oxidizing conditions resulting in the release of Ag+ ions which also acted as 
antibacterial agents. Thus, depending on the status of the Ag shell on the AuNR, the 
PAI signal turned on or off and the resulting contrast provided real-time dosimetry 
of Ag+ ions. As observed in Fig. 5a, PAI signal after addition of Ag shell was negli-
gible which was recovered after etching of Ag shell resulting in a signal equivalent 
to that of bare AuNR. Figure 5b shows increasing PAI activity of etched Ag-AuNR 
in response to increasing concentrations of H2O2 and ONOO− (peroxynitrite) ions. 
Figure 5c, d represent in vivo PAI activity of Ag-AuNR in the presence and absence 
of Ag etching. As depicted in the figure, etching of Ag resulted in a significant 
increase in PAI contrast as compared to PAI signal in the presence of Ag shell [29].

Zhou et al. in 2020 synthesized self-assembled Au nanochains encapsulated in 
silica (AuNC@SiO2) nanoparticles for tumor activatable PAI-guided PTT. In pres-
ence of excessive H2O2 which is often found in the tumor microenvironment, citrate 
ligands on the Au NPs would detach from them, resulting in the fusion of Au NPs 

Engineered Hybrid Nanoparticles for Multimodal Medical Imaging and Diagnosis



340

Fig. 5 (a) Quantitative estimation of in vitro PA activity of AuNR, Ag-AuNR, and Ag etched 
AuNR with inset showing PAI, (b) in vitro PAI activity of etched Ag-AuNR in the presence of 
ONOO− and H2O2 at various concentrations, (c) representative PAI of Ag etched AuNR and 
Ag-AuNR in vivo and (E,F) its quantitative estimation. (Image adapted from Ref. [33])

within the confined local spaces of AuNC@SiO2. This generates a strong PA signal 
that can be used for tumor-specific diagnostics. AuNC@SiO2 nanoparticles demon-
strated PA signal intensity corresponding to the concentration of H2O2. In order to 
assess H2O2 responsive PAI activity in vivo, authors injected AuNC@SiO2 nanopar-
ticles intratumorally and intramuscularly. The concentration of H2O2 being high in 
tumors and negligible in normal tissue, nanoparticles generated a strong PA signal 
in the tumor as opposed to normal tissue. Further, to prove the relationship between 
the concentration of H2O2 and PA signal intensity in vivo, authors introduced H2O2 
generating (β-phenylethyl isothiocyanate, i.e., PEITC) and scavenging (dimethyl-
thiourea, i.e., DTMU) molecules into animals before treating them with the nanopar-
ticles. The PA intensity in presence of PEITC was highest as compared to the control 
and DTMU-treated groups. From this experiment, the authors demonstrated that by 
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Fig. 6 (a) In vitro PAI of RGD-CuS DENPs and (b) quantitative estimation of PA signal, (c) rep-
resentative images of PAI in vivo, and (d) quantitative estimation of PA signal. (Image adapted 
from Ref. [35])

mediating different concentrations of H2O2, the PA signal intensity of AuNC@SiO2 
also varied thus proving their H2O2-responsive PAI ability [30].

Ouyang et  al. 2021 synthesized poly(amidoamine) dendrimer-entrapped CuS 
nanoparticles functionalized with RGD peptide (RGD-CuS DENPs) for PAI-guided 
PTT/gene therapy. Figure  6 demonstrates the PAI ability of RGD-CuS DENPs. 
Figure 6a, b are representative images for in vitro PAI activity that was found to 
depend on the concentration of Cu in the formulation. As observed in Fig. 6d, the 
PAI signal of RGD-CuS DENPs was higher than non-targeted nanoparticles, which 
peaked 12 hours postinjection. A decrease in PAI intensity over a period was due to 
the elimination of the nanoparticles [31].

5  Hybrid Nanoparticles in Ultrasound Imaging

Ultrasound imaging makes use of acoustic signals of frequencies above 20 kHz and 
is based on the reflection or scattering of the signals. Images from ultrasound can be 
obtained in real time as a result of which it is often used to view the movement of 
internal organs. High spatial resolution, noninvasiveness, portability, real-time 
imaging, and low cost have made US imaging one of the most commonly used 
imaging techniques. Traditional US imaging agents consisted of shell encapsulated 
air- or gas-filled bubbles whose size often ranged in micrometers (microbubbles). 
The stability and durability of a microbubble depend on its shell, whereas the 
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acoustic and imaging properties are determined by the gas core. Depending on the 
material used, the shell could either be hard (polymeric- and protein-shelled micro-
bubbles) or soft (phospholipid- and surfactant-stabilized microbubbles). The gas 
core in US imaging contrast agents consists of air, nitrogen, or a high-molecular-
weight inert gas (e.g., perfluorochemicals, sulfur hexafluoride). To overcome the 
limitations of microbubbles, a similar strategy of shell encapsulating gas has been 
adapted at the nanoscale. As opposed to microbubbles, nanobubbles can extravasate 
into small spaces and can also be easily functionalized to improve their targeting 
with prolonged circulation. Nanoparticles employed as US contrast agents gener-
ally consist of a shell of organic or inorganic nanomaterial encapsulating materials 
like perfluorochemicals, sodium bicarbonate (NaHCO3), or hydrogen peroxide 
(H2O2). These can be classified into three types, namely, gas-generating or gas-filled 
echogenic bubbles and bubbles with perfluorochemicals [32, 33].

Jiang et al. in 2020 fabricated stretchable DMA-co-MAA hydrogel composed of 
N, N-dimethyl acrylamide (DMA), and methacrylic acid (MAA) with zinc oxide 
(ZnO) nanoparticles encapsulated in the polymer matrix. Authors developed “ZnO- 
gel” for use as a stretchable strain-sensing device for implantation. The stretchable 
gel when attached to a target organ would enable US imaging of changes or defor-
mations in the hydrogel under applied mechanical strains. The ultrasound contrast 
in the gel resulted from the back-scattered signal arising from the incident ultra-
sound wave colliding against ZnO nanoparticles dispersed in the hydrogel. An 
increase in US contrast signal was observed with increasing ZnO concentration up 
to 10% w/w, after which there was no significant increase (Fig. 7a–e). To mimic 
in vivo conditions of implantation into abdominal organs, the authors also assessed 
US contrast by placing the gel under 10-mm-thick porcine skin (Fig. 7f, g) [34].

In another study, Wu et al. 2021 synthesized a self-assembled nanogel in which 
hydrogelation of small molecules (Fmoc-Tyr (H2Po3)-OH) and their self-assembly 
was triggered using acid phosphatase (AP)-modified magnetic nanoparticle as the 
core template. Dual enzymes catalase (CAT) and lactate oxidase (LOD) were co- 
immobilized on the supramolecular nanogel (NG) to yield LCNG.  The authors 
hypothesized that in the acidic and hypoxic tumor microenvironment, the dual 
enzymes would work on the decomposition of lactic acid and H2O2 to yield oxygen 
which in turn would act as microbubbles and significantly contribute to US contrast. 
Figure  8a, b represents in  vitro assessment of US imaging of LCNG in PBS 
(phosphate- buffered saline), H2O2, lactate (Lac), and a combination of H2O2 and 
Lac. As observed in the figure, the presence of H2O2 and Lac led to the significant 
generation of O2 bubbles, which increased in proportion to Lac and generated sig-
nificant US contrast. As observed in Fig. 8b, control groups containing only H2O2 or 
PBS showed no significant US contrast. The US generating ability of LCNG was 
also reflected in vivo. Figure 8d depicts representative images of in vivo US contrast 
generated by LCNG upon intravenous administration at different time points. As 
observed in the figure, significant US contrast was observed 30 min posttreatment 
with mean grayscale six times higher than that of pretreatment [35].
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Fig. 7 (a–e) US imaging ability of the hydrogel with different concentrations of ZnO nanoparti-
cles, (F–G) Ex vivo US imaging of ZnO-gel when placed under porcine skin. (Image adapted from 
Ref. [38])

6  Hybrid Nanoparticles in Computed Tomography Imaging

Computed tomography imaging makes use of the penetrating power of X-rays to 
produce signals which are then analyzed by a computer to generate cross-sectional 
images. Generated CT contrast is dependent on the mass attenuation coefficient or 
the photoelectric effect which in turn is proportional to the atomic number of the 
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Fig. 8 (a) In vitro US images indicating ROI, (b) in vitro US images of H2O2 and PBS controls, 
(c) graph depicting corresponding mean gray values indicating ROI, (d) representative images of 
in vivo US after LCNGs were injected intratumorally at different time points. (Image adapted from 
Ref. [39])

material used. To produce good CT contrast, nanoparticles employed are generally 
composed of inorganic materials having high atomic numbers like tantalum (Ta), 
gold (Au), and bismuth (Bi). High Z nanoparticles also show advantages like reduc-
tion in radiation exposure to patients as a result of the low concentration required to 
generate significant CT contrast, as compared to traditionally used iodine-based CT 
contrast agents. Generally, Au is the preferred choice of material due to its biocom-
patibility and physiological stability. However, a combination of materials includ-
ing Au may also be used to improve imaging contrast [36].

Sanzhakov et al. 2021 synthesized composite Ph-GNPs by encapsulating Au NPs 
(GNPs) in phospholipid (Ph) bilayers to increase the stability and decrease the cyto-
toxicity of Au NPs. Synthesized Ph-GNPs were then functionalized with targeting 
fragments in the phospholipid bilayer and assessed for their targeting effects via CT 
imaging in vivo. Figure 9 depicts in vivo CT images obtained after Ph-GNPs were 
injected intravenously with targeted and non-targeted nanoparticles. The authors 
concluded that targeted nanoparticles showed greater accumulation in tumors 
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Fig. 9 Representative CT images of mice treated with Ph-GNP (a) before injection, (b) 1.5 h and 
(c) 2.5 h after treatment with targeted Ph-GNP, (D) 1.5 h and (E) 2.5 h after treatment with non- 
targeted Ph-GNP. (Image adapted from Ref. [41])

(Fig. 9b, c) as compared to non-targeted Ph-GNP (Fig. 9d, e) and could thus serve 
as suitable CT contrast agents for imaging of tumors [37]. In another study, 
Keshavraj et al. in 2018 fabricated alginate hydrogel for loading chemotherapeutic 
drug cisplatin and Au NPs (ACA nanoparticles) for CT imaging-guided chemo-
therapy. The nanoparticles showed increasing CT values corresponding to an 
increase in Au content [38].

He et al. in 2021 synthesized ultrasmall bimetallic nanoparticles composed of 
gold and bismuth in a 1:1 ratio, capped with captopril (Au1Bi1-SR NPs). The intro-
duction of bismuth into Au-SR nanoparticles resulted in the increase of CT value 
from 20.96 HU for Au-SR NPs to 24.13 HU for Au1Bi1-SR NPs. As observed in 
Fig. 10a, posttreatment with Au1Bi1-SR NPs, there is a significant improvement in 
CT contrast. Figure 10b shows in vivo CT images after intravenous injection of 
Au1Bi1-SR NPs. At 30 min postinjection, CT contrast was clearly observed at the 
tumor site and the liver. These signals remained significantly visible up to 1 and 
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Fig. 10 Representative images of in vivo CT images (a) pre- and posttreatment with Au1Bi1-SR 
NPs injected intratumorally (b) pre- and posttreatment with Au1Bi1-SR NPs at different time inter-
vals. (Image adapted from Ref. [43])

4 hours after treatment indicating the accumulation property of Au1Bi1-SR NPs. CT 
signals were also detected in the kidneys at 30  min and 1  hour posttreatment. 
Authors claimed metabolization of the nanoparticles through urine as a significant 
CT signal was also detected in the urinary bladder 1  hour after treatment with 
Au1Bi1-SR NPs [39].

7  Hybrid Nanoparticles in Positron Emission Tomography 
(PET) and Single-Photon Emission Computed 
Tomography (SPECT) Imaging

PET/SPECT imaging are nuclear imaging techniques based on the use of radiophar-
maceuticals. In both imaging techniques, radiotracers are injected into a subject; 
however, they differ in their detection mechanism. While SPECT is based on the 
detection of γ-rays emitted from the radiotracer, in PET imaging radioactive decay 
of the tracer produces positrons which are then detected by a scanning device. PET 
is more advantageous than SPECT due to higher spatial and temporal resolution, 
superior quantitative ability, and higher sensitivity. Nanoparticles used as 
PET/SPECT tracers are generally nuclides with a long half-life. Commonly used 
radionuclides for PET include copper-64, indium-111, and zirconium-89, whereas 
technetium-99 m is commonly used for SPECT [40].
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Fig. 11 Representative images of PET imaging in mice treated with 86Y-DOTA-UPSN. (Image 
adapted from Ref. [45])

Ferreira et al. 2021 utilized ultrasmall porous silica nanoparticle (UPSN) to carry 
Yttrium-based theranostic pair of radiopharmaceuticals (86/90Y) which enabled PET- 
guided radiotherapy. Figure 11 shows representative PET images taken at different 
time intervals posttreatment with 86Y-DOTA-UPSN. As observed in the figure, a 
significant PET signal of 86Y-DOTA-UPSN was observed in blood exhibiting a pro-
longed circulation time which slowly decreased over time. In the initial time points, 
PET signal was also observed in the bladder which the authors attributed to renal 
excretion of nanoparticles with sizes <10 nm. At 48 hours, a significant decrease of 
PET signal was observed from RES organs, i.e., the liver and spleen which was 
ascribed to hepatobiliary clearance of 86Y-DOTA-UPSN [41].

Meanwhile, Tian and colleagues modified PEGylated calcium bisphosphonate 
nanoparticles with radioisotopes 99mTc (technetium) and 32P (phosphorous) for 
SPECT-based radioisotope therapy. Fabricated CaBP(99mTc)-PEG nanoparticles 
were injected intravenously, and images were captured at various time points post-
treatment to determine SPECT imaging ability of the nanoparticles. As observed in 
Fig.  12c, post-intravenous injection of CaBP(99mTc)-PEG nanoparticles, gradual 
time-dependent increase in the tumor, and a decrease in blood circulation in SPECT 
signal were observed [42].

8  Bimodal or Multimodal Imaging

Advances in materials science and engineering have led to the development of sys-
tems that combine different materials into a single system. In terms of imaging, 
different materials are chosen to give rise to combinations of imaging modalities in 
a single system which can significantly improve diagnostics as compared to indi-
vidual counterparts. More recent nanoparticles used for imaging functionalities are 
often composed of materials that fuse functional and anatomical imaging tech-
niques. The resulting nanoparticle capable of multimodal imaging applications can 
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Fig. 12 (a) Scheme showing radiolabeling of CaBP-PEG nanoparticles, (b) radiolabeling stability 
of CaBP(99mTc)-PEG nanoparticles, (c) representative in vivo SPECT images of tumor-bearing 
mice injected with CaBP(99mTc)-PEG nanoparticles at different time points, (d) circulation profile 
of CaBP(99mTc)-PEG nanoparticle, (e) biodistribution profile of CaBP(99mTc)-PEG nanoparticles 
24 h posttreatment. (Image adapted from Ref. [46])

relay images with higher sensitivity and sometimes can be activated based on a 
stimulus. Such combinations can also overcome the limitations of individual imag-
ing techniques. In addition to multimodal imaging, combinations of nanomaterials 
into a single system may also result in increased sensitivity for a particular imaging 
technique resulting in improved contrast [43]. Examples listing such hybrid 
nanoparticles capable of multimodal imaging have been discussed below.

SPIONs are most often combined with other imaging moieties or imaging 
nanoparticles as a result of their favorable properties. The superparamagnetic prop-
erty of SPIONs enables them to be controlled externally by applying magnetic fields 
and directing them to the site of interest and simultaneously be used as contrast for 
MRI. For example, Rodriguez et  al. 2019 synthesized multifunctional graphene 
oxide/iron oxide nanoconjugates (GO-Fe3O4) to magnetically control the delivery 
of graphene oxide (GO) and dual MRI/fluorescence imaging. Toxicity-related issues 
observed with commercially available Gd+3-based imaging agents such as accumu-
lation in the kidneys and brain were avoided with the use of GO.  The authors 
reported a higher r2/r1 ratio of 10.7 as compared to individual Fe3O4-based systems, 
which was attributed to the partial obstruction of Fe3O4 by GO reducing its interac-
tion with water molecules. In terms of fluorescence imaging, nanoconjugates 
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showed peaks in the visible and IR regions, respectively. These peaks showed shifts 
in alkaline pH indicating their pH-responsive emission behavior as is the case with 
fluorescence in GO. As the nanoconjugates exhibited green fluorescence, the emis-
sion intensity of the GO-Fe3O4 system was higher than background autofluores-
cence [44]. On the other hand, Song et al. in 2017 synthesized Janus nanoparticles 
consisting of SPIONs embedded in a semiconducting fluorescent polymer that 
enabled optical imaging upon excitation at 540 nm. SPIONs in the nanosystem were 
utilized for magnetic particle imaging (MPI) and MRI contrast. The fabricated 
Fe3O4-PFODBT-COOH Janus nanoparticles showed seven times improved MRI 
contrast as compared to Feraheme with the same iron concentration and three times 
improved performance than the commercial MPI agent Vivotrax [45]. In another 
study, Zhang et al. 2017 synthesized Au/Fe3O4@C Janus nanoparticles for CT and 
magnetic resonance-based dual imaging. The controlled synthesis included encap-
sulation of Fe3O4 in carbon (C), while the Au part remained exposed. The exposed 
Au domain in the nanoparticle was further modified with PEG containing amine and 
thiol groups and folic acid [46].

Yang et  al. 2019 developed a hybrid system for MR/fluorescence imaging by 
modifying silk fibroin (SF) nanoparticles. Crystallization of manganese oxide 
(MnO2) on SF nanoparticles enabled MRI and encapsulation of ICG enabled fluo-
rescence imaging and PTT-PDT [47]. In another study by Hu and colleagues, MnO2, 
chlorin e6 (Ce6), and DOX were loaded into a polymeric nanoparticle system (CDM 
NPs) for theranostic applications. The polymeric nanoparticle system consisted of 
poly (ε-caprolactone-co-lactide)-b-poly (ethylene glycol)-b-poly (ε-caprolactone- 
co-lactide), i.e., PCLA-PEG-PCLA amphiphilic block copolymer. The presence of 
Mn+2 enabled T1-weighted MRI, whereas Ce6 was exploited for PA and fluores-
cence imaging (Fig. 13). The polymeric matrix acted as a suitable carrier for the 
hydrophobic and hydrophilic moieties in a single system [48].

There are several such examples of inorganic and organic hybrid nanoparticles 
wherein the inorganic moiety imparts imaging functionality and the organic moiety 

Fig. 13 (a) Fluorescence images, (b) PA images, and (C) T1-weighted MRI images of tumor- 
bearing mice treated with CDM NPs. (Image adapted from Ref. 52)
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is used for encapsulating additional imaging molecules. For example, Shen et al. in 
2019 reported SPIONs coated with PEGylated phospholipid coating for 
MR/fluorescence imaging modalities. The SPION enabled MRI, whereas the phos-
pholipid coating was used to encapsulate ICG which in turn was used for fluores-
cence imaging [49]. In another example, doping with manganese (Mn) was 
employed to enhance the imaging properties and impart multimodal imaging func-
tionalities to the nanoparticle. Zhou et al. 2018 synthesized a distinctly fluorescent/
MR dual imaging nanoparticle system using mesoporous silica nanoparticles with 
Mn-doped zinc selenide (ZnSe) quantum dots loaded into its pores. High fluores-
cence and MRI contrast were obtained by preventing agglomeration of the QDs and 
enrichment of Mn+2 concentration. Mn doping increased the fluorescence signal 
intensity 143-fold and r1 value by 4 times [50]. Shi et  al. in 2019 synthesized 
nanoparticles capable of MR/fluorescence bimodal imaging by doping Gd+3 into 
CuS nanodisks, which were then coated with PEGylated phospholipid polymer 
(DSPE-PEG2000) to improve biocompatibility, aqueous solubility, and blood circula-
tion. The nanoparticle assembly was used to carry the fluorophore dye Cy5.5 and 
matrix metalloproteinase 2 (MMP-2)-cleavable peptide labeled with a quencher, 
i.e., QSY21. As a result of this, in the presence of MMP-2, the peptide labeled with 
QSY21 would get cleaved from the nanodisks resulting in a fluorescence signal of 
Cy5.5. The nanoparticle assembly thus enabled MRI contrast with deep tissue pen-
etration in addition to real-time monitoring of accumulation in vivo noninvasively 
[51]. In another study, Rich et  al. 2020 reported the use of manganese dioxide 
(MnO2)-coated ultrasmall NaYF4:Nd3+/NaGdF4 nanocrystals to modulate hypoxia 
in head and neck squamous cell carcinoma via PAI and MRI. The authors exploited 
the catalytic property of MnO2 to convert H2O2 (aq) found in the tumor microenvi-
ronment into H2O and O2 which also enabled PAI. Mn+2 generated upon decomposi-
tion of MnO2 in the acidic tumor microenvironment in addition to the Gd (NaGdF4) 
present in the nanocrystal provided significant contrast for MRI. The resulting 
usNP-MnO2 led to an increase in O2 levels significantly upon the addition of H2O2 
as observed in Fig. 14a. Figure 14b shows the MRI ability of different concentra-
tions of usNP-MnO2 in response to treatment with H2O2. As observed in the figure, 
decomposition of the MnO2 coating into Mn2+ ions led to increasing in R1 in a 
concentration- dependent manner. Intratumorally injected usNP-MnO2 also showed 
significant MRI contrast, whereas PAI of the injected region showed an increase in 
O2 levels [52].

Sun et al. 2021 synthesized a hybrid multifunctional nanoparticle consisting of 
melanin (MNP) coated with Au NR (GNR) and labeled with 64Cu2+ and Gd3+ to 
yield GNR@MNPs-Gd-64Cu for PAI/MRI/PET-guided PTT of laryngeal cancer. 
The addition of GNR improved the PAI/PTT ability of the nanoparticle compared to 
MNP alone, whereas 64Cu2+ and Gd3+ enabled PET and MRI, respectively. The 
authors assessed in vivo multimodal imaging ability of GNR@MNPs-Gd-64Cu by 
injecting the nanoparticles in mice bearing Hep-2 tumor and imaging at different 
time intervals. As observed in Fig. 15a, c, e, signal intensity for each of the imaging 
techniques peaked at 12 hours postinjection which is in accordance with Fig. 15b 
showing GNR@MNPs-Gd-64Cu uptake peaked at 12 hours postinjection [53].
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Fig. 14 (a) In vitro MR and PA images of usNP-MnO2 before and after exposure to H2O2 in blood, 
(b) T1 pseudocolorized maps of varying concentrations of usNP-MnO2 upon exposure to H2O2 in 
water, (c) representative MR and PA images of usNP-MnO2-treated mice before and after treat-
ment. (Image adapted from Ref. 56)

Zhang et al. in 2020 developed a hybrid nanoparticle system capable of triple 
modal imaging abilities because of its therapeutic effects. The nanoparticle system 
termed “R-NCNP” consisted of a core@shell nitrogen-doped graphene quantum 
dot@hollow mesoporous silica nanosphere (N) coated with a layer of mesoporous 
carbon nitride (C) finally functionalized with PEGylated RGD peptide (R) (Fig. 16a). 
Nitrogen-doped graphene quantum dots or N-GQDs and carbon nitride or C3N4 
upon UV-visible irradiation generated significant oxygen radicals that translated 
into PTT-PDT. N-GQDs also acted as water-splitting agents resulting in the forma-
tion of oxygen bubbles. Generated ROS and oxygen bubbles led to mismatched 
tissue impedance giving rise to echogenicity signals which could be detected by US 
transducers. Apart from US imaging, R-NCNPs were also able to impart infrared 
thermal imaging because of PTT activity and fluorescence imaging (Fig. 16b–h) 
[54]. Table 1 presents striking examples of hybrid nanoparticles that have been used 
as a multimodal platform for imaging.

9  Conclusions and Perspective

Research on hybrid nanomaterials is currently being undertaken by various biolo-
gists, chemists, material scientists, and physicists to integrate and develop novel 
systems that can be used for clinical purposes. Unique optical properties of hybrid 
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Fig. 15 Representative images of in vivo (a) PAI and (b) its quantitative estimation, (c) PET imag-
ing, (d) tumor uptake of GNR@MNPs-Gd-64Cu, (e) MRI, and (f) its quantitative estimation. 
(Image adapted from Ref. [57])

nanomaterials can open avenues to be used in clinical imaging modalities. Hybrid 
nanomaterials can synergize the properties of individual components to get an opti-
mized platform for a specific application. However, it is essential to consider the 
physicochemical properties of the hybrid nanomaterials especially the size, shape, 
and surface chemistry of the hybrid nanoparticles for enhancing imaging efficacy 
and minimizing side effects. Hybrid nanomaterials for on-demand diagnostics and 
therapeutics have become a hot topic in nanomedicine.

Every imaging technique has certain disadvantages, e.g., limited tissue penetra-
tion of optical imaging, poor resolution, sensitivity of radioisotope imaging, and 
low sensitivity of MRI. It is also thought that combining multiple imaging tech-
niques could complement one another, and, therefore, the development of a multi-
modal imaging system is envisaged which could be achieved by hybrid nanoparticles. 
Although significant improvement in the performance of imaging has been demon-
strated by hybrid nanomaterials in vitro and in vivo, there are stipulations in their 
clinical and long-term applications. Usage of nanomaterials is often restricted due 
to their rapid clearance, poor pharmacokinetic properties, efficacy, and risks associ-
ated with the inorganic/organic molecules.

Innovations in precise and fast medical imaging have transformed healthcare sci-
ence right from diagnosis, monitoring, treating, and even predicting illness. 
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Fig. 16 (a) Scheme illustrating the development of R-NCNP, representative images of (b) fluores-
cence imaging in vivo at different time points after treatment with R-NCNP, (c) ex vivo fluores-
cence of different organs at 24 and 48 hours after treatment and (d) their quantitative estimation, 
(e) in vivo US imaging of tumor regions before and after treatment with R-NCNP and (f) their 
corresponding mean gray value, (g) in vivo US imaging pre-and postinjection of R-NCNP without 
and with laser irradiation, (h) in vivo infrared thermal imaging after 980 nm laser exposure post-
treatment with PBS, NCN, and R-NCNP. (Image adapted from Ref. [58])

Nanotechnology has promoted the transformation of medical research to medical 
practice in the current scenario. We envision that use of hybrid nanomaterials as 
mentioned in various sections of the chapter will open new avenues for clinical 
diagnosis and therapy. The use of noninvasive, nonionized, multidimensional imag-
ing modalities can significantly improve clinical diagnosis and boost translational 
research. Nanotechnology-based on nanohybrids can realize long-term and real- 
time monitoring of clinical interventions while also comprehending early and accu-
rate diagnosis. In the future, personalized treatment plans can be possible with 
in-depth research on hybrid nanomaterials.

Hybrid materials chemistry is an upcoming scientific domain that has tremen-
dous potential to impact medical demands. It is an interdisciplinary field of research 
that encompasses a variety of materials like colloids and nanomaterials of organic 
and inorganic origin, polymers, interfaces and surfaces, multidimensional nano-
composites, and so on and so forth.
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Table 1 Hybrid nanoparticles for singular or multimodal imaging applications

Hybrid nanoparticle 
system

Imaging 
modalities Comments Disease Reference

Au@Cu2-xSe PA: Au
PTI: Au

NIR-II laser responsive 
nanoparticles for PA/PT 
imaging-guided cancer 
therapy

Cancer [55]

GNR@PDA PAI: Au PDA-coated ultrasmall 
GNR showed improved 
PAI contrast as compared 
to GNR alone

Cancer [56]

Bi@mSiO2@MnO2/
DOX

CT: Bi
MRI: MnO2

H2O2-triggered MRI 
contrast observed, CT 
value (6.865 HU mM−1) 
higher than that of 
commercial CT agent 
iohexol

Cancer [57]

CUR/CD liposomes Fluorescence: 
CD

Liposomes loaded with 
CD in the aqueous layer 
and CUR in hydrophobic 
layer functionalized with 
anti-CD44 antibodies for 
fluorescence imaging

Cancer [58]

GNP-labeled 
exosomes

CT: Au MSC-derived exosomes 
were labeled using 
glucose-modified GNPs. 
CT signals were detected 
in the myocardium, liver, 
spleen, and kidney

Myocardial 
infarction

[59]

99mTc-HSP-PEG SPECT/CT: 
99mTc

Nanoparticles showed 
strong radioactive signals 
depending on the 
inflammatory state of 
joints and paws with 
significant radioactivity 
observed 1 hour after 
injection

Rheumatoid 
arthritis

[60]

Nps@lips Fluorescence: 
UCNP

Rare-earth nanoparticles 
coated with liposomes 
(Nps: NaYF4:Yb30, Er6@ 
NaYbF4@NaYF4: Nd40)

Brown adipose 
tissue imaging, 
vascular and 
lymph node 
imaging

[61]

Fe3O4@Au@PAA MRI: Fe3O4

CT: Au
Hybrid nanoparticles 
showed 3X improve 
T2-weighted MRI contrast 
with a CT value of 133.5 
HU in vivo 30 min 
postinjection

– [62]

CuS@GOD@
Gd-MSN

MRI: Gd GOD, CuS, and Gd 
loaded MSN for 
MRI-guided cancer 
therapy

Cancer [63]

(continued)
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Table 1 (continued)

Hybrid nanoparticle 
system

Imaging 
modalities Comments Disease Reference

GC-AuNPs PAI/US: Au Nanoparticles injected on 
right side of tongue. PAI 
signals detected in 
primary lymph node 
10 min posttreatment 
followed by signals from 
secondary lymph node 
1 hour posttreatment

Lymph node 
imaging

[64]

LP@MnAsx MRI: Mn Liposomes encapsulating 
arsenic-manganese 
complex for MRI-guided 
therapy. Mn+2 released in 
the acidic environment 
acts as MRI contrast thus 
giving pH-responsive 
MRI contrast agent

Carcinoma [65]

IO/HSA MRI: IO
Fluorescence: 
Cy7
CT: Iohexol

Core/shell structure with 
IO at the core surrounded 
by different layers of 
HSA. The different layers 
were used to entrap cy7 
and substitute with 
iohexol

– [66]

Ag-UCNPs@SiO2

(UCNP: 
NaYF4:Yb3+/Er3+)

Fluorescence: 
Ag-UCNP
Micro-CT: 
Ag-UCNP

The presence of Ag 
increased fluorescence 
intensity of UCNPs 
whereas, the presence of 
Er in UCNP-enabled 
micro-CT imaging

Cancer [67]

MSN@AuNC CT: Au
Fluorescence: 
MSN@au

BSA-capped AuNCs were 
loaded into amine- 
functionalized MSN. The 
mesoporous structure of 
MSN resulted in improved 
CT contrast (2X) and 
fluorescence. MSN: 
Enriching contrast 
medium

– [68]

MoO2-SiO2-Cy5.5 XFCT: MoO2, 
Cy5.5

Nanoparticles capable of 
optical and X-ray 
fluorescent imaging 
capabilities

– [69]

OA-UCNP/
PDA-AuF JNPs

Fluorescence: 
UCNP
CT: AuF
MRI: AuF, 
PDA

Nanoparticles capable of 
bimodal CT and MR 
imaging abilities show CT 
value: 16.2575 HU mM−1 
and r2 value: 
10.4 s−1 mM−1, 
respectively

Cancer [70]

(continued)
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Table 1 (continued)

Hybrid nanoparticle 
system

Imaging 
modalities Comments Disease Reference

UCNPs@bi@SiO2@
GE HP-lips

UCL: UCNP Bi was grown on 
synthesized UCNPs 
followed by deposition of 
a layer of SiO2. GE, and 
UCNPs@bi@SiO2 were 
loaded in the hydrophobic 
and hydrophilic layers of 
liposomes. Formulated 
nanoparticles showed 
green UCL

Ocular diseases [71]

CD90@DiR/TMs Fluorescence: 
DiR
MRI: SPION

Thermosensitive 
magnetoliposomes 
encapsulating NIR dye 
DiR and functionalized 
with anti-CD90. Imaging 
signals increased with an 
increase in time 
posttreatment followed by 
a decline after 72 hours

Cancer [72]

68Ga/DOX/
Si-pc-loaded 
HMNPs (HMNP: 
Doped with 
Ga2O3:Cr3+, Nd3+, 
Gd2O3)

MRI: Gd2O3

PLI: 
Ga2O3:Cr3+, 
Nd3+

PET: 68Ga

The combination of 
gallium and gadolinium 
oxides and neodymium 
enabled NIR-responsive 
PLI, whereas the presence 
of Gd enabled MRI. 
Doping was performed on 
MSN

Cancer [73]

Bi-Ag@PVP NPs CT: Bi
PA: Ag

Nanoparticles showed 
higher CT contrast 
compared to iohexol (CT 
value: 52.39 HU) in 
addition to good PA 
contrast

Bacterial 
infections in 
cancer

[74]

SPION/NGO@
PCL-LMWC

MRI: SPION PCL and chitosan-coated 
iron oxide/nanographene 
nanoparticles were 
synthesized for MRI- 
guided 
thermo-chemotherapy

Cancer [75]

64Cu-DAPTA comb PET: 64Cu
CT: 64Cu

CCR5 targeting DAPTA 
peptide comb 
nanoparticles conjugated 
to 64Cu which showed 
40% sensitivity in the 
detection of 
atherosclerosis plaques

Atherosclerosis [76]

(continued)
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Table 1 (continued)

Hybrid nanoparticle 
system

Imaging 
modalities Comments Disease Reference

iTSL-DOX Fluorescence: 
Gd

Thermosensitive 
liposomes encapsulating 
Gd-linked lipid in 
hydrophobic layer and 
DOX in the hydrophilic 
layer

Triple-negative 
breast cancer

[77]

IONP-doped CPN MRI: IONP
Fluorescence: 
CPN

CPN containing IONP 
core for MRI and 
fluorescence-guided 
cancer therapy

Cancer [78]

99mTc-USIONPs MRI: SPION
SPECT/CT: 
99mTc

Nanoparticles showed r2/r1 
ratio of 4.4 appropriate for 
T1 MRI, zwitterionic form 
prevented RES uptake 
resulting in higher tumor 
accumulation and higher 
contrast

Cancer [79]

MPN SPECT/CT: 
111In
PET/CT: 64Cu

Two formulations: 
In-MPN-FA and 
Cu-MPN-PEG. MPN was 
prepared by mixing 
respective metal with 
imidazole and catechol 
and coating with PEG, 
followed by 
functionalization with FA

Cancer [80]

AuNC-Fe3O4/MDP/
PFP

PA: Au
US: PFP
MRI: Fe3O4

Mesoporous structure of 
AuNC in addition to PFP 
resulted in enhanced 
low-intensity focused 
ultrasound, whereas the 
combined presence of Au 
and Fe enhanced PA

Retinoblastoma [81]

Au@CS-PMPC Fluorescence: 
Au

Size distribution of 
nanoparticles ranged from 
133–153 nm and showed 
red fluorescence

– [82]

Magnetoliposomes MPI: SPION Iron oxide nanoparticles 
loaded into liposomes

– [83]

FeWOx-PEG-RGD MRI: Fe
CT: W

Ternary oxide material 
(Fe incorporated in 
tungsten oxide), 
nanoparticles showed T2/
T1 switchable MRI 
imaging responsive to pH 
and CT value increased in 
response to increasing 
concentrations of W

Cancer [84]
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1  Introduction

In the past two decades, nanotechnology has introduced many transformational 
inventions and dramatic possibilities in the field of nanomedicine. Nanoparticles in 
general are identified as entities with unique physical and chemical properties com-
pared to conventional materials. Nanoparticles can be designed out of single materi-
als or can also be hybridized with two or more materials. The properties of such 
nanosystems can be tuneable by manipulating factors such as size, shape, and sur-
face chemistry.

Many areas of medicine have benefited from the applications of hybrid nanoma-
terials. These hybrid systems have been beneficial in increasing the bioavailability 
of many drugs and therapeutics which have poor solubility or stability. They behave 
as appropriate carriers to ensure the protection and passage of sensitive compounds 
through biological barriers as well as enabling targeted and sustained release as 
required. Cancer targeting has been the most dominant application as it can dramati-
cally transform the disease prognosis and outcome. Alongside, many researchers 
are also working on drug delivery applications related to inflammation, gene ther-
apy, and brain-related disorders [1, 2]. Many combinations of functionalized nano-
materials are being increasingly explored for this purpose and many of them are 
presently in preclinical and clinical trials. Nanomaterials have significantly impro-
vised the specificity, sensitivity, and rapid detection of diagnostic tools based on 
biosensors, lab-on-chip, and nanofluidic devices. In the case of imaging, nanopar-
ticles have enabled higher-resolution output and improved contrast in many 
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techniques based on microscopy, tomography, and MRI [3, 4]. Nanoparticles are 
also being studied for their application in tissue regeneration and wound healing 
because of their excellent penetration efficiency, low toxicity, and biocompatibility 
[5]. Additionally, certain nanoparticles have intrinsic potentials wherein they are 
being used as antimicrobial agents or therapeutic compounds themselves. The over-
all efficiency of existing diagnostic and therapeutic applications has been elevated 
by the use of nanosystems.

Despite the several superior characteristics of nanosystems, the use of single 
material may have some limitations. The interaction of nanoparticles with biologi-
cal systems is an intricate and complicated process. There are several barriers in 
living organisms that protect the body from “foreign” particles. Various approaches 
have been explored to address this wide range of problems which contribute majorly 
to the overall effectiveness of the therapy. The barriers in physical form such as the 
dermal layers or mucus block the free passage of materials by maintaining unfavor-
able physicochemical barriers, pH variations, protective fluids over the cornea and 
tympanum, mucus lining of varying thickness, and more. All therapeutic molecules 
must be able to surpass these primary barriers of defense and then also overcome 
cellular level barriers which range from general to highly specific recognition and 
response patterns. Figure  1 represents some of the commonly encountered 
nanoparticle- cell surface interactions. These receptors and markers will vary from 
one individual to another with heterogeneity under a diseased state. Encountering 
these barriers depends greatly on the mode of administration of the payload agent. 
For example, a drug that has been orally ingested would have to retain stability and 
functionality after overcoming the first pass effect of metabolism in the gastrointes-
tinal (GI) tract. The same drug if administered intravenously would directly enter 
the circulatory system avoiding the barriers of the GI tract. However, selecting the 
material and design of delivery vehicles depends on many critical parameters such 
as ease of administration, site of action, onset and duration of action, the quantity of 

Fig. 1 Modes of the interaction of nanoparticles with different types of cells and tissues. As illus-
trated, in figure (1), intracellular delivery of the payload can be achieved only after successfully 
interacting with the cell surface receptors of the target tissue
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the drug, metabolism by the liver, excretion by the kidney, and the fate of by- 
products and toxicity profile.

Thus, choosing materials suitable to meet such complicated and interlinked 
properties involves careful crafting developed through elaborate and structured sci-
entific studies. Some key factors such as safety, solubility, and stability of the pay-
load, pharmacokinetic properties, microenvironment of the target tissue, degree of 
vascularization, frequency of dosage, and economic considerations will help in 
selecting the optimal combination suitable for “tailor-made” medicine [6].

Nanomaterials such as polymers improve their blood circulation and retention 
time preventing premature leakage, evading macrophage clearance, attaining better 
specificity, and enhancing the drug release kinetics. These hybrid nanoparticles can 
also be designed specifically for personalized tailor-made medicine to suit the needs 
on a case-to-case basis. This approach not only helps in alleviating problems associ-
ated with toxicity but also improves performance synergistically. The properties of 
hybrid nanostructures have been appreciated by several researchers. A variety of 
organic and inorganic materials have been explored for this purpose. In this chapter, 
we have focused on hybrid nanomaterials as the majority of applications in the 
nanomedicine or biomedical sector. We have added a special focus on dendrimers 
which possess unique architectural properties and are an emerging trend in nano-
medicine [7].

2  Design and Architecture

In the purview of biomedical applications, hybrid nanostructures are one of the 
most sought-after designs. Combining properties from different materials can be 
directed toward synergistic action for overcoming these biological barriers. To 
begin with the choice of nanomaterial, one can filter the properties of interest to be 
incorporated in the desired carrier vehicle. Organic materials, in general, have a 
lower refractive index, lower conductivity, lower density, and lower thermal stabil-
ity, but generally flexible and soft owing to elastic properties. Inorganic materials, 
on the other hand, have a higher refractive index, higher conductivity, higher den-
sity, and higher thermal stability giving better strength and hardness. But inorganic 
materials are not easily biocompatible, may lead to toxicity, and may have poor 
retention and clearance properties in a living system. Researchers continue to 
explore several combinations of these hybrid structures to optimize their perfor-
mance in a given application. Customizing these properties to suit the desired end 
product can be made possible by hybridizing these nanomaterials [8]. Figure 2 illus-
trates a generic hybrid nanoparticle composed of a core and a polymeric branched 
coating which has been further decorated with moieties such as therapeutic drugs, 
markers, targeting ligands, and imaging agents. This system can be controlled by 
means of external or internal stimuli which, upon trigger, would enable the release 
of the payload.
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Fig. 2 Delivery mechanism of a hybrid nanoparticle conjugated with multifunctional ligands

The design and architecture of nanoparticles will be pivotal in determining their 
multifunctional behavior across biological barriers with a variety of ligands. The 
design of these particles would also enable the possibilities and flexibility of 
stimulus- based control for delivery or activation of the therapeutic agents. Different 
materials have their own advantages and limitations. Hybridization is, thus, a care-
ful intricate trade-off between these properties to achieve an overall superior hybrid 
composition as compared to its individual components. For example, iron oxide 
nanoparticles are the most widely inorganic materials due to their magnetic proper-
ties and biocompatibility. However, size-, shape-, and concentration-dependent 
cytotoxicity and bioavailability issues have also been reported in many cases. They 
may also face issues associated with agglomeration, rapid systemic clearance, and 
attack by the natural defense mechanism. On the other hand, materials like lipids 
and polymers have excellent biocompatibility and can easily surpass biological bar-
riers. For example, by combining magnetic nanoparticles with organic polymers, 
synergistic action is achieved which is overall superior in performance as compared 
to the individual properties of these materials. A polymer-coated magnetic nanopar-
ticle is able to achieve magnetic targeting, magnetofection, magnetic response- 
dependent phototherapy, magnetic imaging contrast agent, or even a theranostic 
particle [7, 9, 10]. Individually, neither the magnetic particles nor the polymers are 
capable of performing such combined actions in a single dose of application.

There are several designs that are used to hybridize such materials. In general, a 
core material such as a metal that is conjugated polymeric branches emerging like 
corona-like spherical from the core is referred to as core brush hybrids. Hybrid 
nanogels are made by embedding or encapsulating core nanoparticles inside a gel- 
like matrix of polymeric chains. Figure  3 illustrates the most widely explored 
designs, viz., core brush, nanogel, and a core shell. A core brush structure is usually 
composed of a solid inorganic core conjugated with a network of polymeric 
branches. A nanogel is composed of solid inorganic NPs entrapped within a cross- 
linked gel formed out of polymeric monomers. A core shell represents a type of 
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Fig. 3 Different structural combinations of hybrid nanoparticles

design made up of a compact defined matrix to encapsulate the core nanoparticle by 
interacting closely with its surface [11]. It should be noted that these schematics are 
an oversimplified representation of the copious possibilities of hybrid structures that 
can be generated by manipulating the physical and chemical properties of individual 
components.

A synergistic model is advantageous as it encompasses improved properties of 
interacting and actively performing in dynamic biological environments. Ismail 
et al. have reported one such simple hybrid nanomaterial composed of inorganic 
ZnO nanoparticles and organic polymer Carbopol (shown in Figs.  4 and 5) to 
achieve a synergistic effect with enhanced antibacterial properties [8].

Hybrid nanoparticles encompass a wide variety of possible combinations of 
materials. While several innovative methods continue to emerge, there are a few 
generalized techniques used to achieve hybridization. Depending upon materials, a 
wide range of interactions can be involved such as covalent bonds, ionic complex-
ion, self-assembly, intermolecular interactions, electrostatic interactions, dispersion 
interactions, H-bonds, weak bonds, and microstructuring [12, 13].

The most common approaches are physical adsorption and covalent interactions. 
Physical adsorption is a widely used, simple-to-perform technique, wherein inor-
ganic components such as metallic NPs are surface-treated to adsorb organic mate-
rials like polymers [14]. Although this method is simpler to perform and involves 
fewer steps, it has limited control over stimuli triggers and may also have limitations 
with respect to functionalization. The covalent interactions approach is compara-
tively laborious and time-consuming, but it offers precise control over targeting, 
functionalization, and controlling the release or activation of agents upon a defined 
stimulus. This method makes use of covalent bonding between the hybridizing 
materials and can be further divided into the following strategies which have also 
been represented in Fig. 6.

N. K. Lotey et al.



371

Fig. 4 Field-emission SEM image of (a) ZnO NPs and (b) Carbopol/ZnO hybrid nanoparticles 
gel. (Image adapted from open access article by Ismail et al. (2021) [8])

Fig. 5 HR-TEM image of ZnO-Carbopol hybrid NPs representing the Carbopol gel network with 
ZnO NPs embedded in it. (Image adapted from open access article by Ismail et al. (2021) [8])

 (a) Grafting to: The materials of interest are synthesized individually and are later 
conjugated by means of a linker or some other agent if required [7] (Fig. 6a).

 (b) Grafting from: The surface of a core nanoparticle is decorated with “initiator” 
molecules which are used to initiate the growth of polymeric chains [9],[15] 
(Fig. 6b).

 (c) Grafting through: The inorganic nanoparticle is incorporated inside the poly-
mer chains which have been cross-linked through the groups attached on the 
surface of NPs [14], [7] (Fig. 6c).
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Fig. 6 Synthesis strategies for generating hybrid nanoparticles – Hybridisation with the help of a 
linker (a), Polymeric chains growing onto the modified surface of a particle (b) and cross linking 
the particles indside a chain or mesh like polymeric structure (c) have been represented 
schematically

3  Nanomaterials Used in Hybrid Compositions

Hybrid nanomaterials are generally defined as unique chemical conjugates of 
organic and/or inorganic materials [16]. They could either comprise two or more 
organic, inorganic, or a mixture of both types of material. Based on composition, 
they can be classified into the following categories, viz., polymeric, inorganic, and 
lipid-based as represented in Fig. 7.

Over the past two decades, nanomedicine has seen a consistent uprise in innova-
tive hybrid material products. Some of the materials appealing to the desired proper-
ties of products to be used in biological systems have been discussed in this section. 
The purview of products that have been successfully commercialized or are cur-
rently undergoing clinical trials is majorly composed of biocompatible lipids, lipo-
somes, polymeric NPs, albumin NPs, and selected inorganic NPs.

3.1  Organic

Organic materials have been a popular choice of nanomaterials for drug delivery 
and other biomedical applications owing to higher biocompatibility with living sys-
tems. Some of the most commonly used organic-based nanomaterials used in 
hybridization have been discussed below.
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Fig. 7 Major categories of nanoparticles used in the nanomedicine sector based on the material 
composition

3.1.1  Lipids and Liposomes

Lipids are found both in nature and can be synthesized easily. Liposomes are 
amphipathic lipid vesicles with one or more bilayers. Liposomes can be synthesized 
artificially and can readily be surface-modified to enhance their properties. Many 
liposomal-based drug combinations have been approved by the FDA, and the recent 
ones seem to be significantly better-performing than their individual counterparts. 
Owing to the amphiphilic properties, lipids and liposomes are attributed as thermo-
dynamically stable structures. Some common phospholipids used in lipid-based 
vesicles or liposomal structures are listed below:

• Phosphatidylcholine.
• Phosphatidylethanolamine.
• Phosphatidylserine.
• Phosphatidylglycerol.

Lipids and liposomes have been recommended for the vehiculation of many 
drugs to reduce their toxicity and increase their targeting and bioavailability. They 
are categorized as compounds that are “generally recognized as safe” (GRAS) 
owing to the natural origin of raw compounds [17]. Lipid-based materials are often 
hybridized with several nanoparticles which have limitations such as enzymatic 
degradation, cellular uptake, rapid systemic clearance, and pharmacokinetic proper-
ties. They are readily functionalized stable structures that can protect the conjugated 
nanoparticle and/or payload from biological barriers such as harsh GI tract condi-
tions [18]. Owing to the amphiphilic nature of lipid-based nanoparticles, they can 
co-deliver both hydrophobic and hydrophilic drugs efficiently thus enabling higher 
possibilities of synergistic multidrug therapies [19]. An interesting geometry of 
scalable, biocompatible, and high drug loading capacity is found in solid lipid 
nanoparticles (SLN) and nanostructured lipid carriers (NLC). SLNs are composed 
of solid lipids with melting points above 40  °C which offer controlled release. 
Alongside, they offer more chemical versatility and production scalability as com-
pared to liposomes and emulsions. NLCs are compounds made with a mixture of 
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Fig. 8 TEM micrograph of SLN AND NLC based structures. (Image adapted from open access 
article by Hallan SS (2021) [18])

solid and liquid lipids (oils) which are blended to remain solid at body temperatures 
but may have lower melting points as compared to SLNs. The advantage of using 
oils enhances the lipophilic drug-carrying capacity and avoids recrystallization of 
the solid lipid layer over prolonged storage conditions. SLNs and NLCs have been 
highly appreciated for the flexibility they offer to enable a wide range of lipophilic 
compounds [17]. Figure 8 represents a TEM image of SLN and NLCs.

Although lipids and liposomes offer several advantages as delivery vehicles, they 
have certain disadvantages such as high polydispersity, rapid burst release, nontar-
get interactions, etc. which reduce their specificity and sensitivity for personalized 
medicine [20]. The overall advantage of hybridizing materials for nanomedicine- 
based applications is to increase solubility and circulation time, improvise stability 
and specificity, and decrease toxicity during systemic distribution. The limitations 
of lipid-based vesicles have been mitigated several folds by hybridizing with poly-
mers leading to a new generation of nanosystems named lipid-polymer hybrid 
nanoparticles (LPHNPs) [21]. Such systems combine several advantages of both the 
materials such as enhanced biocompatibility, higher carrying capacity, better con-
trol over drug release profile, and pharmacokinetics. In general, LPHNPs are made 
up of a polymeric core conjugated with the payload which is encapsulated in a lipid 
liposomal bilayer. They are mainly classified into the following major categories 
based on their structure:

• Monolithic hybrid nanosystems.
• Core-shell nanosystems.
• Hallow core-shell nanoparticles.
• Biomimetic lipid-polymer hybrid nanosystems.
• Polymer-caged liposomes.
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Several combinations of polymers have been explored as a component of 
LPHNPs. The next section describes a few of them. LPHNPs have been studied 
widely, and several reports confirm greater vehicular stability with minimal losses 
of the payload [22]. The outmost lipid shell of LPHNPs enables functionalization 
and conjugation of ligands which contribute to properties enhancing targeting and 
receptor-mediated internalization and thereby reducing undesired side effects of the 
drugs for non-diseased tissues [23]. Hybridized lipid-polymeric structures have 
been reported to perform superior as compared to mono-component structures in 
terms of drug loading capacity, target cell internalization, and controlled sustained 
drug release. LPHNPs have also been employed for the co-administration of drugs 
along with radioisotopes, nucleotide sequences, proteins, and diagnostic agents 
[24]. Some of the recent developments of LPHNPs have been summarized in Table 1 
located at the end of the chapter.

3.1.2  Polymers

Biodegradable and bioabsorbable polymers have enabled the formulation and deliv-
ery of several drugs which were otherwise limited by solubility, bioavailability, sys-
temic clearance, and toxicity issues. Several polymers have been studied as 
hybridizing components of nanosystems. Polymeric NPs can also be artificially 
synthesized and are readily functionalized. They are mostly used in “core-shell” 
types of construct hybrids. Some of the most commonly used polymers in biomedi-
cal applications are:

• Polyethylene glycol (PEG).
• Polycaprolactone (PCL).
• Polyglycolic acid (PGA).
• Polylactic acid (PLA).
• Polyethyleneimine (PEI).
• Poly β-amino ester (PAE).
• Polyvinyl alcohol (PVA).
• Chitosan.
• Cyclodextrin.
• Polysaccharides.
• Alginate.
• Hyaluronic acid

Polymers possess characteristics such as high mechanical strength and stability. 
This helps in improvising kinetics during systemic circulation and long-term stor-
age. Bioabsorbable and biodegradable hydrogels like PLA, PGA, and their deriva-
tives have been extensively used to deliver therapeutic agents in deeper tissues of 
the body [25]. PEG is a water-soluble building block that is used to construct 
micelles. They are highly biocompatible and biodegradable enabling better reten-
tion and clearance properties. For example, PEG-coated lipid particles have been 
known to have better circulation time in  vivo by evading the immune system 
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[26–28]. Studies have reported that PLGA-coated drugs and vehicles demonstrated 
protection from enzymatic degradation and sustained release of the payload thereby 
reducing nontarget tissue toxicity. PGA, PLA, and their derivatives have been useful 
in enabling a range of reactions such as esterification, reduction, oxidation, and 
more. They are also used as coatings over several inorganic NPs to enable them as 
biocompatible entities and also protect them from the reticuloendothelial system 
(RES). Bioabsorbable and biodegradable polymers such as PGA, PLA, PCL, and 
several classes of polyesters and polyanhydrides have been widely explored and 
applied in drug delivery systems. Cyclodextrin derivatives, hyaluronic acid, and 
other naturally occurring polymers are nontoxic and biocompatible materials that 
have been used in gene delivery, cell and tissue regeneration, and controlled deliv-
ery applications [29, 30]. Synthetic hydrogels and polymers such as poly 
(N-isopropyl acrylamide), PEI, and PAE have been developed with unique charac-
teristics such as unique physical and chemical properties such as resistance coating 
materials, thermo-responsive polymers, intrinsic chemotherapeutic properties, and 
unique docking sites [31–33]. Chitosan is a water-soluble cationic polysaccharide 
which makes it an ideal choice for delivering polyanion conjugates [34]. However, 
a strong cationic surface charge may induce undesirable conditions as well such as 
nanoparticle aggregation, protein adsorption, and early clearance from blood circu-
lation. These issues can be mitigated by using appropriate hybridization strategies 
such as with anionic polymers like PAA, PVA, and polysaccharides. Polysaccharides 
are long chains of carbohydrate molecules that can be composed of monosaccha-
rides such as glucose, fructose, and glyceraldehyde. They have been broadly used as 
drug carriers, profiting from their natural composition, biocompatibility, gelation 
conditions, and mucoadhesive features [35]. Owing to their natural biomolecular 
composition, they’ve also been explored as drug delivery systems including the 
blood-brain barrier [25]. Their long-term stability, storage conditions, and mechani-
cal properties for controlled drug delivery can be improvised by hybridizing with 
other suitable polymers and inorganic NPs.

In general, upon hybridization, polymers enhance the mechanical properties of 
the system increasing its stability and systemic tolerance. Synthetic polymers are 
constructed with characteristic features and high durability. However, they may also 
elicit unfavorable immunogenic responses. Hybridization of such materials with 
biocompatible candidates enhances their spectra of applications. Several polymers 
used as hybridizing agents have been described in Table 1 located at the end of the 
chapter.

3.1.3  Dendrimers

Among the variety of nanomaterials being explored for biomedical applications, 
dendrimers have emerged as interesting architectural moieties with unique physico-
chemical and structural properties. They are three-dimensional, hyperbranched, 
biocompatible, highly water-soluble, and polyvalent entities. There mainly exist 
three traditional macromolecular architectural classes which are used to generate 
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polydisperse structures of varied molecular weights, viz., linear, cross-linked, and 
branched. Dendrimers are available in a wide variety specialized for specific appli-
cations. Variations in the core can direct different branching patterns giving rise to 
three-dimensional spatial structures with large loading capacities. Some of the well- 
studied types of dendrimers are listed below:

• Polyamido amine (PAMAM) dendrimers.
• Polypropylene ether imine (PPI) dendrimers.
• Fréchet-type dendrimers.
• Peptide-based dendrimers.
• Triazine dendrimers.
• Glycodendrimers.
• Tecto dendrimers.
• Chiral dendrimers.

Dendrimers may also have intrinsic therapeutic properties and have been studied 
as anti-inflammatory, antimicrobial, and antiviral agents [36]. These unique proper-
ties distinguish them from other nanomaterials and make them lucrative candidates 
for biomedical applications such as drug and gene delivery. The hybridization of 
dendrimers has thus naturally been explored to cater to a variety of needs and cus-
tomized needs in the field of drug delivery, diagnostics, and theranostics. 
Hybridization with different targeting moieties and biocompatible polymers like 
PEG has proven to stabilize and improve the bioavailability of dendrimer-based 
drug delivery vehicles and imaging agents. Hybridized dendrimers have been used 
to improve the solubility of poorly water-soluble drugs. Owing to their multiple 
functional groups, dendrimers make it possible to conjugate multiple moieties in a 
single entity. Surface-modified hybridized dendrimers have been reported to 
improve transdermal delivery, enhance cellular uptake, and facilitate controlled sus-
tained delivery. Dendrimers have also been reported as one of the few candidates 
with the potential of gene transfection agents [37, 38].

3.2  Inorganic

As discussed in the section above, organic materials have several advantages over 
inorganic materials with respect to biocompatibility, bioavailability, and low toxic-
ity concerns. However, they do have limitations such as structural disintegration 
over time, burst leakage, corona formation during systemic circulation, and agglom-
eration [39]. On the other hand, inorganic materials are rich in mechanical and 
physical properties which offer great control over the system design. They possess 
excellent stability and optical, electromagnetic, and catalytic properties. They offer 
vast variations and modifications of shapes, sizes, and surface properties. Figure 9 
represents a variety of morphologies attainable with inorganic materials enabling 
enormous possibilities for vehicular designs spheres, rods, cubes, and others [40, 
41]. These modalities can then be further modified by appropriate hybridization to 
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Fig. 9 SEM micrographs of Ag nanostructures, demonstrating that diverse sizes and morpholo-
gies are made possible by controlling the reaction chemistry. (a) Nanosphere, (b) necklaces, (c) 
nanobars, (d) nanocubes, (e) nanoprism, (f) bipyramids, (g) nanostar, (h) nanowires, (i) nanopar-
ticle embedded silica particle hybrid. (Image adapted from open access article by Sang Lee 
(2019) [40]

create unique delivery vehicles suiting therapeutic and diagnostic requirements with 
a wide range of parameters. This section covers a few major types of inorganic 
nanomaterials which can be exploited in hybridized nanomaterials to obtain better 
control over the morphology and functionality of delivery vehicles used for diag-
nostic and therapeutic purposes.

3.2.1  Iron Oxide

Among inorganic NPs, iron oxide nanoparticles (IONPs) have been prevalent since 
the 1960s for diagnostic and therapeutic purposes. IONPs have several types and 
phases out of which magnetite (Fe3O4) has been most widely used. Magnetite is 
known for its low cytotoxicity making it more biocompatible than certain other 
inorganic counterparts. Its properties are easily tunable with respect to its size vari-
ations and surface modifications. It is categorized as superparamagnetic iron oxide 
nanoparticles (SPIONs) due to its excellent magnetic responsiveness and has been 
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approved by FDA as an MRI contrast agent. The responsiveness to external mag-
nets is a highly sought-after property as it offers precision control and targeting of 
diseased tumor tissues [42]. Drug-loaded IONPs can be navigated to the target site 
under the influence of an external magnetic field thereby reducing undesired side 
effects of the excess drug in the systemic circulation. Hybridizing magnetic IONPs 
with suitable ligands, markers, and coating agents can enhance their functionality 
such as aiding stimuli-based drugs released by triggers such as pH, temperature, or 
enzymatic reactions. Furthermore, biocompatibility and cellular internalization can 
be improvised by coating them with lipids, polymers such as PEG, PLGA, and the 
like [43]. In comparison to unbound moieties or mono-material vehicles; several 
reports have demonstrated the advantage of using hybridized IONPs to diversify 
the loading of a variety of hydrophobic and lipophilic moieties, enable cell-specific 
binding, increase payload effectiveness, facilitate stimuli triggered drug release, 
and prolong the retention time by using external magnets [44, 45]. Multifunctional 
dendrimer- coated SPIONs have also been explored for carrying higher drug load 
and increasing cellular uptake in targeted tissues. The same vehicle can also be 
conjugated with fluorescence molecules to attain imaging-based monitoring and 
diagnosis. But, more importantly, dendrimer-coated SPIONs act as excellent con-
trast agents for MRI which makes them highly sought-after candidates for ther-
anostic applications [46–48]. Apart from these applications, hybrid IONPs have 
also been evaluated for their use in photothermal (PTT) and photodynamic thera-
pies (PDT) which have been discussed in Chap. 6. There are several possibilities 
and applications to look forward to depending upon the materials and the synergis-
tic advantage arising from their hybridization. Table 1 (located at the end of the 
chapter) enlists some recent examples of hybrid IONPs and their biomedical 
applications.

3.2.2  Gold NPs

Gold colloids and particles are perhaps the most ancient inorganic materials to be 
applied for biomedical purposes. Gold NPs are almost inert, highly biocompatible, 
easily tunable, and excellent drug carriers. Since the evolution of nanomedicine, 
gold NPs have been studied as carriers for various APIs, genes, therapeutic proteins, 
and more [49].

They exhibit almost non-immunogenicity while also displaying features like 
high cellular uptake. To retain their stability in nanoform during systemic circula-
tion and storage conditions, gold NPs are often hybridized with suitable polymers 
like PEG [50]. Gold NPs have also been explored in the fabrication of biosensors 
used to detect heavy metals, nucleic acids, and other biomolecules [51]. Upon 
appropriate coupling with another material, they can also be used as theranostic 
particles. Many researchers have proposed the conjugation of Au and Fe NP hybrids 
to provide controlled delivery drugs alongside imaging possibilities. PEG-gold 
hybrid NPs which have higher cellular uptake have been suggested for this 
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application [41]. Dendrimer-coated NPs are used for multimodal imaging, multi-
drug loading, and attaining multifunctionality owing to the properties of the hybrid-
ized dendrimers. Hybrid AuNPs possess excellent X-ray attenuation ability and 
high photothermal transduction efficiency as well. Thus, like IONPs, gold NPs have 
also suitable candidates for application in PDT and PTT [50]. Hybridizing nontoxic, 
stable materials like AuNPs enhances the potential of the biocompatibility quotient 
of the other nanoparticle. Reciprocally, the unique physical or chemical features of 
other materials such as attaining multifunctionality through polymers and den-
drimers or the magnetic properties of IONPs generate the potential of theranostic 
vehicles in the future of nanomedicine [52–54].

Similar to IONPs and AuNPs, many other inorganic materials have also been 
highlighted by researchers globally. Each of these NPs has its own unique features 
which can be optimized to suit the end application. For example, mesoporous silica 
nanoparticles (MSNPs) have unique structural features due to their nanopores which 
can be used to encapsulate and deliver both hydrophobic and hydrophilic drugs. 
They can also be modified to enable stimuli-responsive drug release systems. 
Another widely explored material is calcium phosphate for its unique bioactivity 
used for bone and tissue repairs [55, 56]. Ca phosphate NPs have been hybridized 
with hyaluronic acid to resemble the natural composition of bone tissue (refer to 
Sect. 4.4 for more details) [57]. Many more such hybrid materials have shown 
remarkable capabilities to be used as multifunctional systems for drug delivery, 
imaging, and theranostics.

4  Biomedical Applications of Hybrid Nanoparticles

Hybrid nanostructures are designed with an intention to overcome or improvise on 
the limitations or disadvantages of singular materials. A core material may be cho-
sen to perform tissue targeting, transfection, transport, or stimulus-responsive 
behavior, while the hybridized material would be chosen to either mitigate cytotox-
icity issues of core material or complement its performance by improvising its drug 
loading capacity, systemic stability, circulation time, thermostability, bioavailabil-
ity, and escape from other biological barriers. Some hybrid nanomaterials may even 
possess intrinsic therapeutic properties such as antimicrobial action, wound healing, 
anti-inflammation, and such related actions. Not only does hybridization improvise 
individually diagnostic or drug delivery-based applications, but it can also enable 
the use of materials to combine properties of both applications resulting in theranos-
tic particles. Some of the recent advances in various hybrid nanoparticles in bio-
medical applications of nanomaterials have been summarized in Table 1 located at 
the end of the chapter. In this section, we will focus on some of the major biomedi-
cal applications of hybrid nanoparticles.
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4.1  Drug Delivery

Drug delivery systems focus on increasing the concentration of active drugs in local-
ized regions of interest. This ensures enhanced therapeutic outcomes while lowering 
the side effects by reducing nontarget systemic circulation of drugs. Various nano-
systems are already being used as successful drug delivery vehicles. However, these 
systems can further be optimized to overcome rapid clearance, protection against 
cellular barriers, and controlled release of the payloads. Polymers, lipids, and lipo-
somes have been widely explored as hybridizing agents to enhance the efficacy of 
nano-based drug delivery systems. Cancer-targeting ligands and chemotherapeutic 
agents such as doxorubicin (DOX) and paclitaxel (PTX) have been most widely 
reported for drug delivery applications [9]. Successful attempts have been made to 
develop stimuli-responsive systems maximizing drug effectiveness while minimiz-
ing side effects. “Magnetoliposomes” are a class of drug delivery systems made out 
of superparamagnetic iron oxide NPs (SPIONs) encapsulated in liposomes. The 
magnetic properties of SPIONs enable drug targeting by application of an external 
magnetic field, while liposomal membranes enhance biocompatibility and cellular 
internalization thereby achieving a synergistic effect of increased concentration of 
drug local localization [10, 11]. Magnetoliposomes have been used to deliver sev-
eral diverse drugs including curcumin, DOX, PTX, cisplatin, cuphen, and others [8, 
12–14]. Many other core materials such as platinum-, silica-, calcium-, and zinc- 
based NPs have been hybridized with materials like chitosan, polyvinylpyrrolidone 
(PVP), polypeptides, membranes, and other polymeric compounds to study the 
delivery of a wide variety of drugs [7]–[16]. Many of these compounds are intrinsi-
cally therapeutic with antibacterial, antiviral, anti-inflammatory, or antitumor-type 
properties. Some new age synthetic polymers such as dendrimers have peculiar and 
interesting architectural motifs which allow multifunctionalization in a single entity. 
However, many dendrimers exhibit generation and dose-dependent cytotoxicity. 
This can be mitigated by hybridizing with appropriate surface coating with biocom-
patible materials such as chitosan or PRG. Combining the “best-fit” choices for a 
given application helps in developing the next-generation drug delivery systems.

4.2  Gene Delivery

Gene delivery is an important segment in the next-generation therapeutics of clini-
cal significance. However, its success rates depend on the efficiency of gene deliv-
ery through various biological barriers. Present methods used to facilitate gene 
delivery make use of viral as well as engineered nonviral vectors. Some challenges 
faced by these systems include trade-offs between payload carrying capacity, trans-
fection efficiency, and side effects such as inflammation [2]. Hybridizing such sys-
tems with materials such as liposomes may help overcome challenges by improving 
properties such as cellular internalization owing to their positive surface charge and 
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lipid shell structure. One study reports the use of AuNP-liposome composition for 
delivering siRNA actively targeted for ovarian cancer while avoiding lysosomal 
degradation [3–5]. The application of hybrid metal NPs for gene editing with 
stimuli- responsive control using laser or radiation or photo-responsive in in vivo 
models has also been well reported [6, 7]. Hybridized inorganic components such as 
magnetic NPs have proven to be a superior choice for targeted gene delivery over 
nonmagnetic counterparts [8]. Such combinations are being explored continually 
based on target tissues and end applications thereby paving the way to increase the 
success rates and breakthroughs in the field of gene delivery.

4.3  Phototherapy

Phototherapy refers to the usage of external radiation for therapeutic purposes. 
Wavelengths between NIR-I region (700–1000 nm) are known to penetrate deep 
inside layers of biological tissues [17]. Phototherapy is mainly split into two main 
branches:

 (i) Photothermal therapy (PTT): PTT harnesses the energy radiations which are 
used to increase the temperature in the localized target tissue with the help of 
photo-absorbing NPs. An increased temperature is directly associated with the 
ablation of tumorous cells.

 (ii) Photodynamic therapy (PDT): PDT utilizes this energy to activate photo- 
sensitive nanotherapeutics to generate reactive oxygen species which is a fatal 
condition for abnormal tumor cells.

Hybrid nanoparticles are being increasingly explored to suit the application of 
phototherapy.

Metals such as gold and iron have been explored for their photothermal applica-
tions. The internalization of core materials has been improvised by hybridizing with 
highly biocompatible encapsulating agents such as liposomes and polymers. Apart 
from the enhanced permeability and retention (EPR) effect, hybrid materials can be 
functionalized to improve tissue targeting and localization [18–20]. Combination 
photochemotherapy is an emerging field of next-generation cancer treatment. 
Several reports suggest the application of photo-responsive or thermo-responsive 
hybrid metallic NPs coupled with chemotherapeutic drugs can act as delivery 
agents. In this manner, apart from delivering the drug, the NPs can also respond to 
phototherapy [21–23]. Simultaneously, some researchers have also exploited the 
use of other radiations such as X-rays to trigger the release of chemotherapeutic 
drugs conjugated with photosensitizing materials such as verteporfin [24]. 
Hybridization of nanomaterials provides opportunities to develop highly effective, 
synergistic, stimuli-controlled targeted therapeutic approaches. One such example 
has been recently reported by Beatriz et al. (2022) wherein they’ve described a lipo-
somal magnetic hybrid nanoparticle system. The reported hybrid has the potential 
to be used as a dual antitumor drug carrier while possessing pH and thermosensitive 
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Fig. 10 (a) SEM image of magnetoliposomes showing spherical structures around 100 nm size. 
(b) TEM image of a magnetoliposome. (Image adapted from open access article by Ribeiro et al. 
(2022) [55])

properties. Alongside, it can also be for PDT and PTT by inducing magnetic hyper-
thermia activated by external electromagnets. Figure 10 shows an SEM and TEM 
micrograph of this magnetoliposome [55]. For more details on PDT and PTT, refer 
to the chapter by Danny Jian Hang Tng et al. in this book.

4.4  Tissue Engineering and Regeneration

Hybrid nanosystems have demonstrated tissue regeneration and wound healing 
abilities. Hybrid metallic NPs such as those obtained from silver have shown 
remarkable improvement in conventional wound healing. Cytotoxic effects of only 
metal-based NPs have been successfully mitigated by hybridizing with biopolymers 
such as chitosan and collagen [4, 25]. Gold, silver, and zinc NPs have been reported 
to possess antioxidant, antimicrobial, anti-inflammatory, and plasmonic properties 
which can act synergistically to aid the healing tissue in a shorter span of time [26, 
27]. Copper NPs also contribute to a critical parameter of tissue regeneration by 
inducing angiogenesis through enhanced release of vascular endothelial growth fac-
tor (VEGF), upregulation of factors such as integrin, and also balancing the extra-
cellular matrix (ECM) [28]. Polymer matrix-embedded zinc oxide and silica-based 
NPs have been associated with increased reepithelialization, tissue granulation, 
keratinocyte migration, fibroblast migration, hemostasis, as well as collagen deposi-
tion. This enables improved grafting properties in otherwise difficult-to-heal wounds 
such as those caused by burns or in diabetic patients [29, 30]. Hybrid NPs have 
already been commercially established in this domain and the studies continue to 
evolve to improvise and optimize these combinations.
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4.4.1  Bone and Cartilage Tissue

Nanophase hybrid ceramics have received natural attention in the field of bone and 
cartilage implants as they resemble the natural composition of the bone matrix. 
Nanophase calcium phosphate NPs have shown increased osteoblastic activity 
which is one of the key parameters in tissue engineering and regeneration. Nanoscale 
hydroxyapatite (nHA), calcium phosphate, and titania-based hybrids have been 
explored to enable adequate osteoblast activity and calcium and collagen deposition 
ability [31, 32]. Integration of these hybrid matrices with growth-promoting pep-
tides and proteins has been reported to enhance osteoblastic activity and increase in 
differentiation of mesenchymal stem cells and ECM thereby improving the overall 
growth and health of the regenerating bone tissue [33, 34]. Other combinations of 
hybrid nanosystems for bone and cartilage tissue regeneration include the integra-
tion of gold-, silver-, and zinc-based NPs [35–38].

4.4.2  Vascular Tissue

Owing to lifestyle issues, vascular grafts and organ replacements continue to remain 
in high demand. In this context, attempts have been made to make use of nanofi-
brous scaffolds based on matrices consisting of collagen, elastin, or poly (L-lactic 
acid) (PLLA). The major concern in this graft is related to “gain of function” in the 
implant tissue. Certain biocompatible materials such as gelatin-based nanosilicates 
have been studied in this regard wherein they have demonstrated the ability to form 
connective tissue in the lumen of blood vessels [39, 40]. A study reports the use of 
CNT hybrids has shown electrical-impulse transmission ability similar to the native 
myocardium cells, while another study reports the use of CNTs to deliver enhanced 
synchronous beating rate [41]. While most of these studies are limited to an experi-
mental level, they open avenues to explore complex hybrid systems to attain maxi-
mum response rate in these artificial sensitive implant grafts.

4.4.3  Neural Tissue

Hybrid nanosystems are probably one of few select choices when it comes to treat-
ing conditions related to the nervous system. Nanomaterials with superior mechani-
cal and electrical properties have been studied in this regard. Nanofibers derived 
from PLLA and PCL have been proposed for peripheral never repair, while iron 
oxide- and melatonin-based NPs have been proposed for nerve regeneration [38, 
42]. Manipulation of the surface change, which is a crucial property of nerve con-
ductivity, has been reported with the use of CNTs and metallic nanoparticles like 
gold [43, 44]. Hybridization of these functional particles in graft matrices may col-
lectively result in successful implants of such tissues.
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4.5  Antimicrobials

Silver and copper nanoparticles have been most widely explored in this domain due 
to their well-known antimicrobial activities. However, there are concerns related to 
the cytotoxicity and environmental impact of these NPs involving processes during 
production and post-disposal. Hybridization of these NPs hence plays an important 
role in ways that can either enhance their microbicidal effects and/or reduce the 
cytotoxic impact of these highly potent particles. Conjugation with magnetic iron 
oxide NPs has also shown enhanced penetration into bacterial films [45]. Another 
study suggests the conjugation of hybrid NPs with magnetic responsive, photosensi-
tive, or thermosensitive agents for antibacterial activity in a sustained release pat-
tern [46]. Hybridizing two or more of these antibacterial components has been 
reported to have shown rapid, enhanced, and targeted antimicrobial activity in com-
parison to singular individual components [47–49]. Hybrid NPs are powerful enti-
ties that can be multifunctionalized and customized to meet the needs of desired 
applications. With the rising concern of antibiotic resistance and multidrug resis-
tance, hybrid NPs may be able to play a significant role in controlling these 
conditions.

4.6  Diagnostics

Early detection of a diseased condition is pivotal in determining the overall outcome 
of its treatment. Several diagnostics tools are developed and are also continually 
improvised to enhance selectivity and sensitivity. Recently, many hybrid nanomate-
rials have been reported for various diagnostic and routine monitoring applications. 
Gold-, silver-, and carbon-based hybrid systems have been dominantly used owing 
to their biocompatibility and physical properties [54, 55]. Hybrid metallic 
nanomaterial- based detection kits have been developed for routine monitoring of 
glucose levels and detecting tumors. A combination of functionalized NPs made of 
quantum dots, metals, and polymers has been reported to detect viruses like HPV 
and influenza. Fluorescence resonance energy transfer (FRET) detection based on 
hybridized metallic NPs has been reported for viral detection [56]. Additionally, 
some highly sensitive polymer-coated carbon NPs and some metal-based NPs sys-
tems have been reported to detect trace quantities of small molecules such as drugs 
and antibiotics [57, 58]. Non-hybrid nanomaterials have their limitations with 
respect to the constrained physical properties of a given material. Hybrid nanoma-
terials are able to overcome this limitation by allowing changes in the physical 
parameters of the overall system.
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4.7  Imaging

Tumor detection and imaging techniques usually make use of contrast agents to 
improve the output of the scanned image. These contrast agents are typically made 
out of biocompatible and bioavailable materials which respond to external radiation 
or magnetism for detection. MRI is a widely used imaging technique wherein NPs 
based on gadolinium and iron oxide are used as contrast agents to improve image 
clarity. Some organic nanomaterials like PAMAM dendrimers have also been 
reported to exhibit contrast generating properties in MRI. Hybridized materials like 
PAMAM-coated SPIONs could be used as biocompatible theranostic vehicles. 
Researchers have reported pH-responsive functionalized hybrid NPs based on met-
als and metal oxides of magnesium, iron, silica, gold, and silver with superior prop-
erties as compared to their non-hybrid counterparts [4], [50–53]. Hybrid nanosystems 
have also been reported for detection techniques involving fluorescence and photo-
acoustic imaging [54]. For more details on imaging techniques, refer to the chapter 
by Shetty and Chandra in this book.

4.8  Theranostics

In recent years, theranostics has gained increasing importance owing to the possibil-
ity of developing combined therapeutic and diagnostic tools. Liposome-encapsulated 
AuNPs and quantum dots have been explored for delivering chemotherapeutic 
drugs while also responding photo sensitively to X-ray computed tomography for 
tumor detection [59]. Similarly, a gold- and ammonium bicarbonate-based lipo-
some hybrid system has been developed which has demonstrated increased uptake 
of the system for delivering drugs while also enhancing bubble formation for ultra-
sound imaging [60]. Magnetoliposomes which have been mentioned earlier in the 
chapter are also used for enhancing ultrasound imaging. Magnetoliposomes and 
iron oxide-based NPs also act as excellent contrast agents that aid in the reduction 
of T1 and improve MRI imaging [61–64]. Simultaneously they can also be func-
tionalized to deliver chemotherapeutics at targeted locations and can also be con-
trolled by external magnets. Similar properties have also been reported using hybrid 
gadolinium-based NPs. These materials can also be conjugated with photo, thermo, 
and magneto-responsive agents to attain controlled sustained release of therapeu-
tics. Many polymer or dendrimer hybridized inorganic NPs are drug-loaded and 
also sued to enhance imaging or fluorescence signals and act as useful theranostic 
vehicles [65]. Hybrid nanosystems made from gold, silver, palladium, carbon, and 
other conjugates have been used for controlled drug release and photoacoustic 
imaging simultaneously [66]. Poly(allylamine), PLGA, PLA, and such polymers 
have been used to enable functionality, targeting, and bioavailability of these sys-
tems to them multifunctional modalities in theranostics. This domain allows a wide 
range of creative and functional architecture to be explored by utilizing synergistic 
properties of different materials.

N. K. Lotey et al.



395

5  Conclusion

The past two decades have witnessed remarkable innovations arising from the use 
of nanomaterials. Nano-sized materials have significantly contributed to the 
improvement of therapeutics and imaging. They are easy to reproduce and can be 
scaled up to desired quantities of production. Despite several advantages, the singu-
lar systems have certain limitations with respect to their biocompatibility, bioavail-
ability, and cytotoxicity which vary with respect to changes in shape, size, dosage, 
and surface properties. Naturally, hybridization comes as a viable approach to over-
come these obstacles. Hybrid nanoparticles have shown significant improvisations 
over single-component therapies as discussed in this chapter. With hybrid nanosys-
tems, one can add multifunctionality to a single design. The future of medicine 
belongs to fast-acting, minimal dosage, personalized, and precision therapies. 
Hybrid nanoparticles are capable of encompassing all these properties and thus 
enable diagnostics and treatments which were otherwise difficult to implement. 
Several potential drugs struggling with bioavailability issues can be used for thera-
pies by conjugating them with appropriate nanohybrid systems. Biocompatible and 
customizable delivery vehicles can be developed using hybrid nanosystems to cater 
to the obscurity while dealing with antibiotic resistance, superbugs, and cases with 
failure of first line of treatments. Alongside, hybrid nanosystems have also signifi-
cantly contributed to the diagnostic sector as well. Several combinations of hybrid 
nanosystems have contributed toward improvising existing tools as well as emerg-
ing with novel ones. Upcoming fields in medicine aim to develop theranostic tools 
which minimize procedures and maximize outcomes by combining therapy and 
diagnosis and/or monitoring in a single entity. Hybrid nanosystems are ideal candi-
dates to develop these sophisticated tools in the new age of nanomedicine.

As of today, several hybrid nanosystems are undergoing clinical trials, and many 
more are already in pipeline. There has been a steady increase in the publication 
trends in the application of hybrid nanosystems in biomedical fields, especially in 
areas related to cancer drug delivery, drug development, diagnostics, and imaging. 
While the studies related to these materials continue to evolve by the day, it is also 
important to highlight the significance of toxicological and environmental concerns 
arising from production and waste disposal related to these materials. Most coun-
tries struggle with the legislature related to drafting safety laws in this sector mostly 
due to lack of information. It hence relies on the learned scientific fraternity to 
conceptualize the production, usage, and disposal of these materials through detailed 
studies. Nevertheless, by following sustainable practices, hybrid nanosystems seem 
to be the next revolution in medicine.
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A Voyage on Biomedical Applications 
of Multicomponent Nanoparticles 
in Medical Imaging

A. Lenin Fred, S. N. Kumar, L. R. Jonisha Miriam, H. Ajay Kumar, 
Christina Jane, Parasuraman Padmanabhan, and Balázs Gulyás

1  Introduction

Nanoparticles play a vital role in the health-care sector and the classification of 
Nanoparticles based on their chemical composition is depicted in Fig. 1. The lipo-
some nanoparticles are spherical vesicles enclosed in a membrane comprising of a 
lipid bilayer, an aqueous substance. The active compounds can be hydrophilic or 
hydrophobic and are widely used for chemotherapy drug delivery in cancer treat-
ment. Apart from the health-care sector, it has immense applications in the food and 
cosmetics industry because of its biodegradability and biocompatibility. Table  1 
represents the characteristics of medical imaging with nanomaterials deployed.

Nanomaterials have amazing capabilities that aren’t present in bulk materials, 
yet multifunctionality on a single material is still a challenge. The silica nanoparti-
cles gain prominence in multifunctional nanodevices. The benefits of silica nanopar-
ticles as a medium for multifunctional nanodevices are as follows: biocompatibility, 
degradability, changeable shape, and simplicity of modification; it is widely used in 
drug delivery. The silica nanoparticles when mixed with other materials improve the 
property. Furthermore, silica nanoparticles can be combined with other materials to 
gain additional properties and provide theranostic and multimodal imaging capa-
bilities. The properties of silica nanoparticles for bio-applications are compared to 
other well-known nanomaterials, and standard techniques to synthesize and 
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Table 1 Characteristics of medical imaging with nanomaterials deployed

Modality
Spatial 
resolution

Penetration 
depth Sensitivity Cost Nanomaterials used

MRI [1] 25–100μm Limitless Low
(10−3 − 10−5 moles)

High Paramagnetic liposome, 
USPIO nanoparticles, 
gadolinium, carbon, 
manganese, silicon, 
peptide

PET [1] 1–2 mm Limitless High
(10−11 − 10−12 moles)

Very 
high

Gold nanoparticles, 
copper, polymer, quantum 
dots

CT [2] 50–200 
μm

Limitless Low
(10−1 − 10−4 moles)

Very 
low

Gold nanoparticle, USPIO 
nanoparticle, iodine, 
bismuth

US [1] 50–500 
μm

Mm–cm Medium 
(10−9 − 10−12 moles)

Low Nano bubbles, chitosan 
NBs

SPECT 
[2]

8–10 mm Limitless High
(10−8 − 10−10 moles)

High Gold nanoparticles, 
technetium (99mTc)

Optical 
imaging 
[2]

2–5 mm Cm High
(10−9 − 10−17 moles)

Low Fluorescence, quantum 
dots, gold nanoparticles, 
persistent luminescence 
NPs

incorporate silica nanoparticles are described [3]. Inorganic nanoparticles play a 
vital role in biological imaging; however, before application, toxic nature has to be 
verified. The origin of inorganic nanomaterials and their properties are discussed in 
detail. The toxicology of inorganic nanoparticles is investigated, and knowledge for 
designing safer inorganic nanomaterials for clinical uses is presented in ref. [4]. 
Figure 1 depicts the different nanomaterials with their applications in the health- 
care sector. In [5], radiolabeled nanomaterials gain prominence in nuclear imaging. 
The radionuclides have nuclear emissions and have therapeutic applications; choos-
ing the most appropriate radiolabeling approach and understanding its limits are 
important when using it for functional imaging. The radiolabeling procedure relies 
on the type of material. The various radiolabeling strategies are discussed, together 
with a critical assessment of their benefits, and drawbacks are discussed in [3].

The different types of nanoparticles that have their role in the biomedical sector 
are highlighted in [4]; specific focus was given to gold nanoparticles (Au NPs). The 
unique optical and electrical sensing and biological capabilities of Au NPs make 
them the most fascinating nanomaterial among the nanomaterials. In the early iden-
tification, diagnosis, and treatment of illnesses, Au NPs might be used for medical 
imaging, medication administration, and tumor therapy. The recent and advanced 
applications of Au NPs in drug delivery and administration and the molecular nano-
probes are also discussed in [6]. The precision medicine applications of nanoscience 
were discussed in this work; “next-generation sequencing” signifies the gene that is 
responsible for cancer. This novel technique is different from all other cancer treat-
ments, concentrating on identifying the anatomical organ malignancies detection. A 
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recently developed “microRNA replacement treatment,” which uses nanocarriers to 
control the driving oncogene, is used to treat tumors at the molecular level. 
Furthermore, the genetically defined, patient-derived xenograft models must be 
used to precisely assess the effect of nanomediated oncogenic regulation [7]. The 
recent applications of nanomaterials in the health-care sector focusing on oncology 
therapy are discussed in [8]. The role of nanomaterials in vivo imaging was dis-
cussed in [9]. This study focuses on current breakthroughs in nanomaterials that are 
essential in medical research, as well as nanomaterials that might be possibilities for 
usage in the health-care sector. The nanomaterial’s most important features, func-
tional activities, benefits, and downsides are also explored. The biosensor is gaining 
prominence in many applications, and the importance of nanomaterials in the design 
of biosensors is also discussed in this work [10]. The role of nanomaterials in stem 
cell imaging is gaining prominence for treating a variety of traumas and neurode-
generative disorders. The features and challenges of regenerative medicine are dis-
cussed in this work [11]. The cellular therapy and drug delivery using nanomaterials 
are highlighted in [12]. The four types of radiolabeling techniques for PET imaging 
are discussed in [11]. The stability of radiolabeled nanoparticles is analyzed in this 
work with its role in multimodal molecular imaging which is also put forward in 
this work [13]. A historical perspective on the role of nanomaterials in circulating 
tumor cell isolation and analysis is discussed in [14].

Engineered nanoparticles can suppress or augment immune responses, as well as 
prevent the immune system from detecting them. Alteration in immune system 
function may cause some harm in addition to the advantages. As a result, a thorough 
evaluation of new nanomaterials appears to be required before they may be used in 
therapy. However, little is known about the toxicological and biological impacts of 
nanomaterials, particularly about possible methods of interacting and managing 
nanoparticles in the body, as well as the body’s response to these substances. To 
date, accessing nanomaterials’ toxicological impacts has been made considerably 
more challenging due to their wide variety and diverse features. The goal of this 
study is to get a better understanding of the possible advantages and hazards of 
employing nanomaterials on the immune system so that these substances may be 
designed and used safely in therapeutic applications [15]. Section 2 describes the 
features of multicomponent nanoparticles. The nanoparticles utilized in CT, MR, 
and PET imaging are highlighted in Sects. 3, 4, and 5.

2  Features of Multicomponent Nanoparticles

Multicomponent nanostructures, which are made by combining different metals 
into a single nanoparticle, are becoming a popular type of functional nanoscale 
architecture with applications spanning from catalysis to plasmonics to biological 
imaging [16, 17]. Diverse metal components are bonded together in an alloyed or 
phase-separated form in these complex nanoparticle designs, resulting in many het-
erogeneous surfaces at the atomic or nanometer scale. Unique synergistic coupling 
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effects are facilitated by the formed interfaces between distinct components, result-
ing in chemical and physical qualities that are superior to pure components. As a 
result, much work has gone into producing collections of multimetallic nanoparti-
cles with more than three metal components, with some breakthrough discoveries. 
Organic microparticles and nanoparticles consisting of numerous conjugated mol-
ecules have attracted a lot of interest in comparison to inorganic analogs because of 
their promising performance in photonics and electronics applications.

2.1  Synthesis of Multicomponent Nanoparticles

The alloy multicomponent nanoparticles (MCNP) were synthesized using a combi-
nation approach that included controlled precipitation and hydrothermal techniques. 
Controlling the precipitation of iron (III) chloride hexahydrate, nickel (II) chloride, 
and copper (II) chloride dihydrate in distilled water at an alkaline condition in a 
nitrogen environment yielded magnetic multicomponent nanoparticles. First, dis-
tilled water was used to dissolve a particular amount of iron (III) chloride hexahy-
drate (FeCl3, 6H2O), copper (II) chloride dihydrate (CuCl2 2H2O), and nickel (II) 
chloride (NiCl2). Three distinct forms of magnetic multicomponent nanoparticles 
(Cux Ni1-x Fe2O4) were manufactured using the reaction: Cu+2 + Ni+2 + 2Fe+3 + 8OH− 
gives CuxNi1-xFe2O4, where x1 40.0, 0.6, and 1.0. The mixture was then agitated for 
15 minutes at 1000 rpm using a magnetic stirrer. Meanwhile, an oil bath was heated 
to 80 °C, and the mixture was heated in the same oil bath in a nitrogen environment 
with steady stirring at 500 rpm for 30 minutes until it reached the temperature of 
80 °C. Following this, 1.2 M sodium hydroxide solution was added drop by drop 
while under nitrogen gas. The mixture was then moved to a Teflon-lined autoclave 
and held at 250 °C for 12 h until the procedure was completed. It was then allowed 
to cool to room temperature naturally. The items were rinsed multiple times with 
distilled water before being dried in a vacuum oven at 80–85 °C for 15 h. Annealing 
at 800 1C for 2 h yielded magnetic multicomponent nanoparticles. The classifica-
tion of nanoparticles with typical examples utilized in medical imaging modalities 
is depicted in Fig. 2.

The structure and particle sizes were determined using X-ray powder diffraction 
(XRD). Cu K radiation was used in a Rigaku SmartLab diffractometer at 40 kV and 
35 mA. Scanning electron microscopy (SEM) at 15 kV was used to determine the 
size and shape of the MNPs. The Malvern Instruments Zeta Sizer Nano-ZS device 
was also used to measure the nanoparticle sizes. A Quantum Design vibrating sam-
ple magnetometer was used to conduct the magnetic investigations (QD-VSM). 
Under 50  Oe, measurements of zero-field cooling (ZFC) and field cooling (FC) 
were made from 10 to 300 K. These readings were then used to calculate blocking 
temperatures. At 10, 50, 100, 200, and 300  K, hysteresis curves were recorded 
between 715  kOe. From the observed hysteresis loops, saturation magnetization 
(Ms), remanent magnetization (Mr), and coercivity field (Hc) were calculated. The 
role of multicomponent nanoparticles in biomedical imaging was depicted in Fig. 3.
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Fig. 2 Nanoparticles utilized in medical imaging modalities

Multifunctional nanoparticles can carry one or more therapeutic agents, to offer 
the biomolecular targeting through one or more conjugated antibodies or other 
recognition agents to give imaging signal amplification, by way of co-encapsu-
lated contrast agents. Bioconjugation offers exquisite chemo- and regioselective 
control for the efficient functionalization of nanoparticles with a variety of bio-
logical substrates. These nanoparticles, through nanocrystalline synthesis, 
advanced polymer processing, and coating and functionalization strategies, have 
the potential to integrate various functionalities, simultaneously providing (a) con-
trast for different imaging modalities, (b) targeted delivery of drug/gene, and (c) 
thermal therapies.

A. L. Fred et al.



407

Fig. 3 Role of multifunctional nanoparticles in biomedical imaging

Nano-sized inorganic particles, whether simple or complex, have unique physi-
cal and chemical characteristics and are becoming a more significant material in the 
creation of new nanodevices for a variety of physical, biological, medicinal, and 
pharmacological applications. Nano-sized inorganic particles, whether simple or 
complex, have unique physical and chemical characteristics and are becoming a 
more significant material in the creation of new nanodevices for a variety of physi-
cal, biological, medicinal, and pharmacological applications.

3  Multicomponent Nanoparticles Used 
in Computed Tomography

The nanoparticles used in computed tomography (CT) play an important role in the 
diagnosis for early detection and therapy of various disease and response assess-
ments. These nanoparticles help in the detection of the lesion at an early stage and 
also visualize the functional and anatomical information very accurately. The 
nanoparticles are used for medical imaging as contrast agents for the abnormality 
detection and functionality of the organs. Biomedical imaging has improved with 
nanomaterials due to active and passive properties and the targeted reactive proper-
ties. The size of the nanomaterials as contrast agents greatly plays in the tumor 
imaging as it exhibits enhanced permeability and retention (EPR) with tumor 
cells [18].

The nano-sized contrast agents are used to distinguish the tissues with similar 
attenuation coefficients. As of now most of the CT contrast agents are iodine-based, 
and also the other CT contrast agents are gold nanoparticles and bismuth nanoma-
terials [19]. These nano-sized CT contrast agents have different capabilities like 
cellular uptake, CT attenuation, and targeted delivery of drugs (Table 2).
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Table 2 Nanoparticles with their utilization in CT imaging with gold, bismuth, and iodine as a 
contrast agent

Contrast 
agent

Abbreviated 
name of 
nanoparticles Target category Inferences

Reference 
details

Gold AuNPs Nontargeted Contrast enhancement of CT in the 
circulatory and respiratory organs, 
kidneys, and tumor in mice

[20]

Gold PEG-AuNPs Phagocytosis, 
blood pool 
retention

Cancer CT imaging and 
photothermal agents

[21]

Bismuth BPNPs Phagocytosis, 
endocytosis

Contrast enhancement CT for the 
heart lungs, liver, and lymph nodes in 
mice

[22]

Iodine DHOG Nonspecific blood 
circulation and 
hepatic uptake 
pathway of 
chylomicron 
remnants

Contrast enhancement CT for 
bloodstream imaging and contrast 
enhancement of micro-CT in the liver 
in small animal

[23]

Iodine Iobitridol Nontargeted 
throughout blood 
vessels and 
organs

Contrast enhancement in the drug 
delivery route along with the blood 
flow, and the concentration of the 
iodine in the target region.

[24]

Iodine N1177 Macrophages, 
phagocytosis

During the development of 
atherosclerotic plaques, macrophages 
detect.

[25]

Iodine IX-C particles Phagocytosis IX-C particles are degraded inside 
the phagocytic cells for the contrast 
enhancement of the liver.

[26]

Iodine LPNCs Nonspecific 
filling of blood 
vessels and 
tissues, 
phagocytosis by 
the RES

Used as a contrast agent for 
lymphography and 
hysterosalpingography

[27]

Iodine Ioversol Nonspecific 
filling of blood 
vessels and 
tissues

Used as nonionic contrast agents in 
the blood vessels, heart, kidneys, 
brain, and whole body

[28]

Iodine Iopentol Nonspecific 
filling of blood 
vessels and 
tissues

Used for arteriography, urography, 
phlebography and computed 
tomography enhancement, 
arthrography, endoscopic retrograde 
cholangiopancreatography, 
hysterosalpingography, and 
gastrointestinal studies

[29]

(continued)
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Table 2 (continued)

Contrast 
agent

Abbreviated 
name of 
nanoparticles Target category Inferences

Reference 
details

Iodine Ioxilan Nonspecific 
filling of blood 
vessels and 
tissues

CT contrast-enhanced with ioxilan 
for imaging of the head and body

[30]

Iodine Tyropanoate 
sodium

Hepatic uptake 
and biliary 
excretion after 
oral absorption

Contrast agent for the gallbladder 
and the biliary tree imaging

[31]

Table 3 Nanoparticles with their utilization in MR imaging with 13C as the contrast agent

Contrast
Abbreviated name 
of nanoparticles

Target 
category Inferences References

13C [1,4-13C2]fumarate Enzymes Used to detect the early response 
of tumors and treatment detection

[34]

13C [1-13C]DHA Enzyme React rapidly and beneficial 
results for the brain, liver, kidney, 
and TRAMP tumor

[35]

13C HP[13C]HEPP Other – 
Metabolism

Suitable for pharmacokinetic 
tracing

[36]

13C Hyperpolarized H13CO3
− Enzymes Used for imaging of blood vessels 

and tissue perfusion
[34]

13C HP[13C]Pyr Other – 
metabolism

Used for the detection of primary 
tumors and lymph node 
metastases

[37]

13C [1-13C]KIC Enzymes Metabolism reports in vivo in 
small animals by BCATs

[38]

4  Multicomponent Nanoparticles Used in Magnetic 
Resonance Imaging

The MRI contrast agents are used to detect the normal and abnormal tissues and 
also for the therapeutic treatment of diseases. The nanoparticle contrast agents used 
in MRI greatly depend on the T1 and T2 relaxation times [32]. The mostly used 
MRI contrast agents are iron oxide-based and gadolinium-based, and the other con-
trast agents are based on 13C, 19F, Cu, europium, Fe, manganese ferrite, nitroxide, 
Tm3+, and Yb. The contrast agents are categorized into T1-weighted contrast 
agents, T2-weighted contrast agents, and dual-weighted contrast agents [33]. The 
nano-sized contrast agents are used in the gene, proteins, cells, and organs (Tables 
3, 4, 5 and 6).
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Table 4 Nanoparticles with its utilization in MR imaging with Eu as the contrast agent

Contrast 
agents

Abbreviated name of 
nanoparticles Target category Inferences References

Eu 4GdPeptide Acceptor 4GdPeptide can penetrate 
through thrombi to bind 
fibrin in depth via passive 
diffusion and distinguish 
between occlusive and 
nonocclusive arterial 
thrombi or between thrombi 
of different sizes and ages

[39]

Eu C3d-SA-GdAF Adhesion 
molecule

Contrast enhancements in 
the liver (85%), kidneys 
(30%), and muscle (3%) 
after 5 h, showing the Gd 
complex persisted in the 
apoferritin cavity

[40]

Eu MGd Other Radiation sensitizer for 
brain metastases with 
whole-brain radiation 
therapy

[41]

Eu Anti-c-Met-Gd-albumin Binding A contrast agent was present 
in the glioma tissue for the 
next 3 h

[42]

Eu Gd-DTPA-anti-ICAM-1 
antibody

Antibody- 
ligand binding

For studying inflammation 
with MRI

[43]

Eu MDA2 micelles Antigen Atherosclerotic lesions were 
detected in mice models

[44]

Eu Anti-VEGF PLA-PEG- 
PLL-DTPA-Gd NPs, 
anti-VEGF PLA-PEG- 
PLL-Gd NPs

Protein High signal intensity in the 
tumor for 2 h

[45]

Eu Avidin-Gd Protein-protein 
binding

The NT-5 tumors hold the 
contrast for 8–24 h after 
MRI treatment

[46]

Eu Biotin-BSA-GdDTPA Tumor- 
associated 
stroma

Contrast agent-treated cells 
indicating the cells migrated 
to the stroma and facilitated 
the analysis concerning the 
spread of cancer

[47]

Eu P866 Folate receptor MRI contrast agent for 
folate receptor expression in 
nude mice bearing human 
cancer xenografts and in rats 
with arthritis

[48]

Eu EB-DTPA-Gd Nonspecific 
binding to 
proteins

The detection of 
atherosclerotic lesions by 
MRI

[49]

(continued)
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Table 4 (continued)

Contrast 
agents

Abbreviated name of 
nanoparticles Target category Inferences References

Eu P1133 Receptor In vivo MRI of breast cancer 
in mice using folate- 
conjugated PEG-USPIO 
nanoparticles

[50]

Eu Gd-BOPTA Blood-brain 
barrier 
breakdown

Gd-BOPTA provided better 
diagnostic information in 
intracranial lesions

[51]

Eu Gd-DO3A-butrol Nontargeted, 
blood pool, 
extracellular 
fluid space

A nonionic, paramagnetic 
contrast agent enhanced 
contrast in tissue with MRI

[52]

Eu Gd-DOTA-cFlFlFK Receptor Gd-DOTA-cFlFlFK with 
MRI imaging of neutrophils 
at the sites of inflammation

[53]

Eu Gd-DOTAMA-C6-Gln Transporter The Gln transportation rate 
for tumors like hepatoma is 
10–20 times faster than that 
for healthy hepatocytes. The 
Gln used to distinguish 
between tumors and tissues 
via contrast agent-enhanced 
MRI

[54]

Eu Gd-DTPA-PLGA Nontargeted In vivo imaging of the liver 
in rabbits, exhibiting 
enhanced MRI and 
ultrasound signals

[55]

Eu Gd-DOTA-R832 Receptor As a noninvasive MRI 
contrast agent for detection 
of atherosclerosis in 
endothelial cells of the heart

[56]

Eu Gd3N@
C80[DiPEG5000(OH)x]

Retention It increases the T1 relaxivity 
as much as 30 times more 
than that of Gd-DOTA

[57]

5  Multicomponent Nanoparticles Used in PET Imaging

Positron emission tomography (PET) is widely used for the diagnosis of anomalies 
at the molecular or cellular level. The radiopharmaceutical activity is employed in 
PET imaging to generate better quality images than other modalities, the sensitivity 
is high, and, however, the cost limits its use in clinical diagnosis.

The magnetic iron oxide nanoparticles play a prominent role in biomedical 
applications like drug delivery and medical imaging [82–84]. Superparamagnetic 
nanoparticles are employed as contrast agents to distinguish the healthy and affected 
tissues in molecular and cell imaging [85, 86]. The MRI has low sensitivity for 
molecular imaging; however, the bimodal imaging such as MRI/PET yields 
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Table 5 Nanoparticles with its utilization in MR imaging with iron oxide as the contrast agent

Contrast agents Nanoparticles
Abbreviated 
name

Target 
category Inferences References

Superparamagnetic 
iron oxide

Amine-modified 
silica-coated 
polyhedral 
superparamagnetic 
iron oxide 
nanoparticle-
labeled rabbit bone 
marrow-derived 
mesenchymal stem 
cells

SPIO@
SiO2-NH2- 
labeled MSCs

Nontargeted For MRI 
real-time cell 
tracking of 
implanted 
MSCs

[58]

Microparticle iron 
oxide

Anti-vascular cell 
adhesion molecule 
antibody M/K 
2.7-conjugated 
microparticles of 
iron oxide

VCAM-MPIO Antigen Inflammation 
stage detection 
in 
atherosclerosis 
and renal 
ischemia

[59]

Superparamagnetic 
iron oxide

Citrate-coated 
(184th variant) 
very small 
superparamagnetic 
iron oxide particles

VSOP-C184 Phagocyto-
sis

MRI studies on 
20 rabbits for 
contrast agent 
and dose 
bearing on liver 
tumors with 
1.5 T

[60]

Superparamagnetic 
iron oxide

Doxorubicin- 
loaded 
poly(ethylene 
oxide)-trimellitic 
anhydride 
chloride-folate 
superparamagnetic 
iron oxide 
nanoparticles

YCC-DOX Receptor Nanoparticles, 
which are 
conjugated to 
target-seeking 
molecules, bind 
only to cells 
that produce the 
appropriate 
biomarker, are 
used as MRI 
contrast agents 
and serve as 
multifunctional 
drug delivery 
and imaging 
agents

[61]

Fe3O4 FluidMAG iron 
nanoparticle- 
labeled 
mesenchymal stem 
cells for tracking 
cell homing to 
tumors

FluidMAG 
iron 
nanoparticle- 
labeled MSCs

Nontargeted MSCs labeled 
with fluidMAG 
iron 
nanoparticles to 
track tumors in 
MRI

[62]

(continued)
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Table 5 (continued)

Contrast agents Nanoparticles
Abbreviated 
name

Target 
category Inferences References

Fe3O4 Glycol chitosan/
heparin- 
immobilized 
gold-deposited iron 
oxide nanoparticles

Composite 
NPs

Adhesion 
molecules

Composite NPs 
have been 
shown to 
selectively 
distribute in 
tumors in an 
animal model of 
murine 
squamous cell 
carcinoma 
(SCC).

[63]

Cross-linked iron 
oxide nanoparticles 
(CLIO)

H18/7 F(ab’)2 
E-selectin 
monoclonal 
antibody 
conjugated to 
cross-linked iron 
oxide nanoparticles

CLIO-H18/7 
F(ab’)2

Receptor A noninvasive 
MRI, the CLIO 
nanoparticles 
conjugated for 
of E-selectin 
expression in 
endothelial cell

[64]

Fe 3O 4 Iron oxide 
nanoparticles- poly- 
L-lysine complex

SPIO-PLL Other Used to find the 
liver lesion

[65]

Superparamagnetic 
iron oxide 
nanoparticles

Lactoferrin- 
conjugated 
superparamagnetic 
iron oxide 
nanoparticles

Lf-SPIONs Receptors Lf-SPIONs 
were able to 
effectively 
enhance the 
glioma contrast

[66]

Ultrasmall 
superparamagnetic 
iron oxide (USPIO)

MES-1 F(ab’)2 
E-selectin 
monoclonal 
antibody 
conjugated to 
ultrasmall 
superparamagnetic 
iron oxide 
nanoparticle

MES-1-
USPIO

Antigen For noninvasive 
MR imaging, 
USPIO 
nanoparticles 
target the 
E-selectin 
expression in 
inflammation

[67]

proficient results. The work [82] highlights the novel magnetic nanoparticles for the 
PET/MRI imaging technology. Superparamagnetic iron nanoparticles were utilized 
in this work for the bimodal imaging of the liver and kidney. The nanoparticles are 
synthesized under hydrothermal conditions and highlight the activity of anatomical 
organs in a better manner.

In PET imaging, a radioactive isotope called the tracer is utilized, and it has the 
highest sensitivity when compared with the other medical imaging modalities; how-
ever, the spatial resolution is poor. PET imaging is usually accompanied by CT 
imaging, and it reflects the biochemical activity also. In cancer therapy, fluorode-
oxyglucose (FDG)-positron emission tomography (PET) (or FDG–PET/CT) is used 
for tumor prognosis and radiotherapy. Apart from 18F, other materials used are 64Cu 
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Table 6 Nanoparticles with its utilization in MR imaging with different contrast agents

Contrast
Abbreviated 
name Target category Examples References

19F 6-FPOL Protonation and 
deprotonation of the 
3-phenolic OH in 
diverse pH 
environments

The transmembrane pH 
gradient of tumors could be 
measured

[68]

19F CS-1000 Cell tracking Used for quantitative cell 
tracking

[69]

19F PFPE-DCs Inflamed tissue Dendritic cells are labeled with 
PFPE (PFPE-DCs) for 19F 
magnetic resonance imaging 
(MRI)

[70]

19F PFPE-BTCs Inflamed tissue The fluorescence-labeled PFPE 
appeared to bind to the cell 
membrane

[70]

19F VCAM-1- 
targeted 
nanoparticles

Receptor VHPKQHRGGSKGC was 
synthesized and conjugated to 
liquid perfluorocarbon (PFC) 
nanoparticles to form 
VCAM-1-targeted 
nanoparticles

[71]

Cu Au3Cu1-NPs Blood pool 
retention

Au3Cu1 nanoparticles as 
bimetallic MRI contrast agents 
with enhancing effects in 
T1- and T2-weighted imaging

Eu Eu-DOTA- 
OBZ2-Gly2, 
Eu-DOTAM- 
OBZ2-Gly2

Nontargeted Detects the accumulation of a 
PARACEST agent, Eu-DOTA- 
OBZ2-Gly2, in the liver tissue.

[72]

Fe BM3h-8C8 Neurotransmitter High affinity for dopamine, 
and low affinity for 
arachidonic acid

[73]

Gd EGadMe Enzyme Used to distinguish the 
nontransfected one by MRI 
and their descendants as well

[74]

Manganese 
ferrite

MDA2-Mn 
micelles

Antigen In apoE−/− mice, MDA2-Mn 
micelles exhibited sensitivity 
and robustness in vivo to the 
finding of atherosclerotic 
lesions using MRI

[75]

Manganese 
ferrite

Mn-DOTA- 
G3-CLT1

Acceptor Mn-DOTA-G3-CLT1 as an 
MRI tumor contrast agent in 
nude mice bearing 
MDA-MB-231 human breast 
carcinoma xenografts

[76]

(continued)
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Table 6 (continued)

Contrast
Abbreviated 
name Target category Examples References

Manganese 
ferrite

VEGF121/
rGel-MNPs

Receptors VEGF121/rGel-MNPs when 
delivered to intratumoral 
vessels as target and was tested 
with immunofluorescence 
staining of the gelonin and 
endothelial cells

[77]

Nitroxide [15N] 
TEMPONE

Reactive oxygen 
species (ROS)

14N- and 15N-labeled nitroxides 
can be tracked concurrently in 
same the anatomic image with 
co-registration

[78]

Nitroxide 3CxP Reactive oxygen 
species (ROS)

In vivo pharmacokinetics of 
3CxP in tumors is studied in 
MR imaging

[79]

Nitroxide H2
17O Nontargeted Cerebral blood flow (CBF) in 

cats with MRI using H2
17O

[80]

Tm3+ Tm-DOTA- 
Gly

Nontargeted Tm-DOTA-Gly, accumulated 
in tumor tissue of a mouse 
model of MCF-7 human 
mammary carcinoma is 
detected in MRI

[72]

Yb Yb-DO3A- 
oAA

Nontargeted Yb-DO3A-oAA, the 
PARACEST agent 
accumulated within the tumor 
tissue of mice bearing human 
mammary carcinoma 
MDA- MB- 231 cell tumors, is 
detected in CEST-FISP MRI 
protocol

[81]

and 99mTc. The radiolabeled nanoparticles gain prominence in cancer therapy and 
multimodal imaging. The nanoparticles used in PET/SPECT imaging are labeled 
with positron emitters. Radionuclides are classified into short-lived and long-lived 
ones, as the name itself states that short-lived radionuclides are used for the short 
frame measurement, whereas the long-lived ones are utilized for long frame mea-
surement. The half-life period of 18F is 109.8  min and is widely used in many 
applications.

Quantum dots are semiconductor nanocrystals formulated from heavy metal 
alloys and have excellent optical properties. The toxic nature of the metals limits 
their usage in many applications. Upconversion nanoparticles rely on the phenom-
ena of upconversion luminance. The upconversion luminescence is a process in 
which a high-energy photon is liberated when rare-earth ions absorb two or more 
low-energy photons. It is a bioluminescence marker; low toxicity and chemical sta-
bility make it superior when compared with the quantum dots. The characteristics 
of the upconverting nanoparticles (UCNP’s) are as follows:
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Fig. 4 Biological applications of typical upconversion nanoparticles

 (i) They are soluble in water.
 (ii) Proton-emitting efficiency is high.
 (iii) Easy to control because of the smaller size.
 (iv) Active group on the surface.

The biological applications of typical UCNP’s are depicted in Fig. 4.
The UCNPs are also utilized in image-guided cancer therapy and drug delivery 

systems. The mesoporous silica nanoparticles (MSNs) also gain prominence in 
medical imaging. The CdSe/CdZnS DSPE-PEG2000-NH2 nanoparticle is discussed 
in [86] with its size greater than or equal to 20 nm, and the reaction time is 145 min. 
The NaYF4 (co-doped with Yb, Er, Tm, Gd) nanoparticle is discussed in [87] with 
its size in the range of 10–20 nm, and the reaction time is 10 minutes. The gold/
CLPFFD (peptide) nanoparticle is discussed in [88] with its size of 23 nm, and the 
reaction time is 60 minutes.

6  Conclusion

Medical images are utilized in the health-care sector for disease diagnosis and surgi-
cal preplanning. This chapter proposes a detailed study on the role of nanomaterials 
in medical imaging. The generic classification of nanomaterial that finds its role 
health-care sector is initially discussed in this chapter. The synthesis and character-
istics of multicomponent nanoparticles are then highlighted followed by the typical 
nanoparticles utilized in CT, MRI, and PET imaging. The outcome of this chapter 
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paves a way for the researchers in the choice of nanoparticles with contrast agents 
for respective imaging modalities in the disease diagnosis.
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Nanotheranostic: A Versatile Approach 
for Eye Cancer Diagnosis and Treatment

Fahima Dilnawaz and Sanjeeb Kumar Sahoo

1  Introduction

Eye health renders maximized vision, the functional ability that is having profound 
implications in many aspects of life. In all stages of life, eye conditions can be 
affected irrespective of age. The diseases of the eye directly affect human vision 
and quality of life. By 2050, ocular health will be affected by an estimated 895 mil-
lion people [1]. Ocular diseases include both anterior and posterior segments of the 
eye. The eye possesses unique anatomy and physiology mechanism, effective drug 
delivery for the treatment of eye in terms of eye drops, injections, and implants, 
etc. The current treatment modality can seldom restore vision loss or detect sever-
ity at an early stage as therapeutics suffers from low bioavailability and lack of 
specificity [2, 3]. Therefore, for ocular diseases, there is a need for improved diag-
nostics and therapeutics, which are receiving intense attention. Recently, the use 
of a nanotechnology- based approach has experienced exponential growth for the 
diagnosis and treatment of tumors and eye disorders. In the past couple of decades, 
there have been remarkable advances in the field of drug delivery and material sci-
ences which has led to the development of numerous nanomaterials [4]. To accom-
modate drug delivery toward the anterior and posterior segment of the eye, various 
nanosystems are designed that are either based on natural or synthetic or metallic 
elements. These nanocarriers offer controlled release and improved drug bioavail-
ability for ocular disease therapy [2, 3]. Moreover, nanoparticles are being used in 
diagnostics for enhancement of sensitivity and selectivity compared to conventional 
diagnostic agents. Nanotheranostics events are carried out with specially designed 
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nanoparticles that can deliver real-time information regarding drug biodistribution 
and release, in vivo [5, 6]. Nanotechnology-based ocular delivery mostly deals with 
different types of nanocarriers such as nanoparticles, micelles, liposomes, hydro-
gels, nanocages, nanocapsules, dendrimers, etc. which provides several advantages 
over routine diagnostics/therapies [7].

2  Ocular Barriers for Drug Delivery Systems

The human eye is a bulbous structured organ having a size of about 24 mm, consist-
ing of two principal segments: the anterior and posterior [8] (Fig. 1). Both anterior 
and posterior parts possess various biological barriers, which provide protection to 
the eye from foreign substances. The corneal, iris, lens, and aqueous humor are the 
components of the anterior portion of the eyes, whereas the vitreous body, retina, 
choroid, and back of the sclera are the components of the posterior portion of the 
eye. The cornea is the transparent part of the eye that allows the light to enter inside, 
and it covers the iris and the pupil. The cornea has five layers: epithelium, Bowman’s 
membrane, stroma, Descemet’s membrane, and endothelium [9, 10]. The corneal 
epithelium is a vital part of the corneal barrier as it consists of multilayers of corneal 
epithelial cells that are interconnected by tight junctions. The presence of a tight 
junction severely curtails the penetration of hydrophilic drug molecules. Moreover, 
the corneal stroma hinders the passage of hydrophobic molecules because of its 
highly organized hydrophilic collagen. Various efflux transporters on epithelial cells 
prevent the entry of various antiviral and antiglaucoma drugs [11, 12]. Further, the 
intraocular environment comprises two main barriers: blood-aqueous and blood- 
retinal barriers. The blood-aqueous barrier consists of the nonpigmented epithelium 
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of the ciliary body that includes epithelium, iris vessel endothelium with tight junc-
tion, and Schlemm’s canal endothelium. The active and paracellular transport of 
materials is controlled by tight junctions of cells [13, 14]. The blood-retinal barrier 
is divided into the inner retinal barrier (composed of retinal vascular endothelium 
with tight junctions) and outer blood-retinal barriers (which consists of a monolayer 
of retinal pigment epithelium (RPE) with tight junctions) [13, 14]. These two com-
ponents prohibit the entry of essential components to the intraocular chamber, and 
as a result, the insufficient drug reaches the intraocular tissues.

3  Ocular Delivery Routes and Their Limitations

There are three primary modes of drug administration to the eye, such as topical, 
local ocular (i.e., subconjunctival, intravitreal, retrobulbar, intracameral), and sys-
temic. The feasible route administration mostly depends on the area of the eye that 
needs to be treated. Systemic administration methods for ocular drug delivery are 
intravenous injection and oral dosing. The outer blood-retinal barrier of RPE cells 
governs the entry of the drug from the choroid into the retina, the tight junction of 
the RPE hinders the entrance of the drug, and only 1–2% of the drug can gain access 
to the retina and retina body [14]. For the conjunctiva, cornea, anterior chamber, and 
iris, the topical administration is well responded. The eyelids can be treated with 
topical therapy but more frequently require systemic therapy. Systemic therapy is 
essentially required by the posterior segment because most topical medications do 
not penetrate to the posterior segment. Further, the retrobulbar and orbital tissues 
are treated systemically. The eye drop is the most favorable mode of drug adminis-
tration due to its better patient compliance and economic reflection. The eye drops 
are mainly absorbed by two routes: the corneal route (cornea, aqueous humor, intra-
ocular tissue) and the conjunctiva route (conjunctiva, sclera, choroid, retina, vitre-
ous body). Post-administration less than 5% of totally administered drugs can reach 
the aqueous humor [15]. For the treatment of corneal diseases, iris diseases, and 
glaucoma, eye drops are beneficial. However, for treating posterior eye diseases, 
like intraocular cancers and retina diseases, they are not suitable, even after follow-
ing frequent dosage regimens [16]. Posterior eye diseases are treated through intra-
vitreal injections that are beneficial, as they can deliver high local drug concentrations 
in the vitreous body and retina [17]. However, being an invasive method, the require-
ment of repeated injection results sequence of side effects like cataracts, iritis, endo-
phthalmitis, uveitis, retinal detachment, and intraocular hemorrhage. To overcome 
these drawbacks of systemic administration, periocular injection is followed that is 
less invasive than intravitreous injection as it is administered via a route of retrobul-
bar, peribulbar, sub-tenon, and subconjunctival. Through periocular delivery routes, 
administered drugs can reach the posterior segment of the eye either through pene-
tration of the corneal choroid or sclera [18, 19]. However, all these routes of admin-
istration suffer inefficiency in prolonging the drug retention time.
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4  Nanoparticle Route of Delivery to the Retina

Different modes of administration routes were taken into account for retinal drug 
delivery. In the retina, the route of administration ranges from systemic to intravit-
real injections [4]. (i) Intravitreal route is the most common method that is practiced 
for the administration of macromolecules, whereas 27- or 30-gauge needles are 
steadily utilized for incorporating various drugs into the vitreous body. On this 
route, there is passive diffusion of drugs in all directions. (ii) Periocular route refers 
to the space surrounding the eyeball within the orbit. Through this route minimally 
invasive drug administration is done, in which the sclera is not punctured and dis-
plays good patient compliance and safety. In periocular pathways various sub-routes 
such as the subconjunctival, retrobulbar, peribulbar, and sub-tenon routes are pres-
ent. Commonly subconjunctival route is explored among various periocular routes 
for injection of drug-loaded nanoparticles [20, 21]. (iii) Subretinal route is explored 
for the subretinal cavity space present between RPE cells and photoreceptors. It is 
more invasive, and the injected material comes in direct contact with the RPE cells. 
Higher concentrated therapeutics reach with minimal dilution [22, 23]. (iv) Systemic 
route is considered as impracticable for ocular drug delivery as less than ~2% of 
administered drugs could reach the vitreous. BRB prohibits entry into the posterior 
segment of the eye as the direction of drug penetration is opposite to the intraocular 
liquid concentration [24]. However, still, the systemic route is an attractive strategy, 
despite its lower efficacy, as it is convenient and does not involve penetration into 
ocular tissues.

5  Nanoparticles for Theranostics

Various types of nanocarriers are engaged for theranostic activities (Fig.  2). For 
ocular therapy study, several imaging approaches (OCT, fundus photography, fluo-
rescein angiography, positron emission tomography (PET), magnetic resonance 
imaging (MRI), ultrasonography, and confocal microscopy) are employed for ocu-
lar disease diagnosis, and they have displayed significance toward monitoring of 
disease diagnosis and recovery. These imaging faculties are limited in action due to 
poor imaging sensitivity which displays inadequacy for disease diagnosis. As an 
example, PET displays high sensitivity with fractional spatial resolution, while MRI 
has better spatial resolution but feeble sensitivity [25]. Gd-perfluorocarbon nano- 
particulate emulsion linked with a biotinylated anti-αvβ3 monoclonal integrin anti-
body DM101 was used for site-directed contrast enhancement study of angiogenic 
vessels in a rabbit corneal neovasculature mode. Post-administration 25% average 
signal intensity of MRI was enhanced in vivo [26]. Gold nanoparticles are consid-
ered as attractive contrast agents for OCT. Its optical resonance wavelengths can be 
precisely tuned with controlled sizes and shapes [27]. Cang et al. used gold nano-
cages (35 nm edge length) which can display cross-section absorption about five 
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orders of magnitude than that of conventional indocyanine green in the near- infrared 
spectral region [28]. Strategies used for other disease diagnoses can also be used for 
guiding the diagnosis and treatment of ocular disease. A hydrogel nanosystem can 
be used for tumor targeting; triggered drug delivery enabling photo-to-heat conver-
sion can be utilized for multimodal imaging as well as controlled release of thera-
peutics in human tumor xenografts [29].

In medical imaging, the application of robot modalities would assist surgery 
while providing accurate positioning inside the body. In this regard, robotic systems 
are valuable tools for navigating deep tissue regions that are unreachable through 
blood vessel absorption. These magnetic-powered microrobots illustrate superior 
control ability and biocompatibility that can be navigated inside the eye. Its biocom-
patibility was enhanced with polypyrrole coating, to minimize biofouling interac-
tions [30]. A study conducted by Ullrich et al. demonstrated microrobot’s mobility 
and controllability inside the living rabbit eye. Through a surgical opening of the 
eye, the micro−/nanorobots were injected into the vitreous cavity and externally 
controlled by a magnetic coil system for navigating toward the posterior segment of 
a rabbit eye [31]. In another study, a nanorobot was constructed that can overcome 
the vitreous body by actively swimming to the retina. Wu et al. have developed a 
mini robot for the first time that can specifically pass through the solid tissue of the 
vitreous body into the back of the eye. The nanopropeller structure was conceptual-
ized from helical flagella of the coli bacterium, and it moves like a corkscrew. For 
their easy movement through the vitreous body, they were coated with nonstick 
coating, which is composed of two biocompatible layers, a solid layer (made of 
silane molecules, which would dock to the robot surface) and a liquid one (liquid 
layer coats the nanopropellers and minimizes adhesion to the surrounding tissue). A 
weak magnetic field is applied for its movement to reach its desired destination [32].
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6  Metal and Oxide Nanoparticles

In the treatment of ocular diseases, different types of metals and metal oxide are 
used which possess attractive biomedical properties. Gold, silver, and titanium 
oxide (TiO2) illustrated the promising potential of antiangiogenic effects in choroi-
dal and retinal neovascularization, including AMD, DR, and RP [33, 34]. Gold 
nanoparticles (AuNPs) have been extensively studied for both diagnosis and ther-
apy tools [34, 35]. Mitra et al. developed EpCAM-conjugated PEI-capped AuNPs to 
knock down EpCAM gene in retinoblastoma (RB) cells. Y79 cells showed better 
significant internalization with downregulation of the EpCAM expression levels, 
demonstrating the potentiality for targeted therapy. Basuki et al. designed polymer- 
coated bevacizumab-loaded gold nanoparticles (AuNPs) inside an agarose hydrogel 
for photothermal therapy. AuNP-agarose matrix released the drug bevacizumab 
with the upsurge of localized temperature under light exposure [36]. AuNPs have 
their plasmon band which can be readily modulated via controlling Au size and 
shape. Some AuNPs can demonstrate absorbance of NIR energy, which can be uti-
lized as contrast agents in OCT for diagnosis [37, 38]. With AuNPs the performance 
of OCT can be enhanced for providing better images as well as distinguishing 
diverse ocular tissues for early detection of multiple ocular diseases. In an antibacte-
rial study, the effect of antibody-targeted gold nanoparticles combined with pulsed 
laser irradiation was evaluated in S. aureus. The laser-activated nanoparticles sig-
nificantly lower the percentage of viable organisms illustrating new treatment 
modality when used either alone or aiding to the existing conventional antibiotic 
therapy. The most common complication after cataract surgery that mostly occurs is 
posterior capsule opacification (PCO) often referred to as “secondary cataract.” For 
which silica-coated Au nanorods (Au@SiO2) are used for decorating the commer-
cially available IOLs (C-IOLs) toward the prevention of PCO [39]. To restore visual 
function in the blind human retina, enabling near-infrared light sensitivity may sup-
plement or restore visual function in patients with regional retinal degeneration. In 
a study, Nelidova et  al. developed Au nanorods with temperature-sensitive engi-
neered transient receptor potential (TRP) channels for empowering NIR light sensi-
tivity. The NIR stimulation can activate the cortical visual circuits of photoreceptors 
in mice retina, enabling a learned light-responsive behavior. This type of NIR sensor 
in ex vivo human retinas will allow NIR-evoked postmortem activation of human 
retinal cell types, demonstrating a great promise in supplementing light sensitivity 
or restoring the visual function of a blind human retina [40].

The AuNP’s intrinsic therapeutic activities such as antiangiogenic and anti- 
inflammatory properties can have used to detect the pathological disorder. In the 
posterior segment of the eye, the retinal and CNV are pathological disorders that are 
highly associated with the overexpression of VEGF. AuNPs can significantly inhibit 
endothelial/fibroblast cell proliferation in vitro and VEGF-induced penetrability as 
well as angiogenesis in vivo by specifically binding to vascular permeability factor/
vascular endothelial growth factor (VPF/VEGF)-165 and basic fibroblast growth 
factor [41]. In another study, Jo et al. developed AuNPs loaded with corona proteins 
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for the improvement of in vivo performance while preventing them from nonspe-
cific protein attachment, by retaining its antiangiogenic effect [5]. In stereotactic 
radiosurgery, AuNPs are applied for improvement of therapeutic efficiency for the 
treatment of AMD, while attributing the enhancement of radiation dose toward a 
specific segment of the eye. This type of treatment is helpful for patients with AMD 
to preserve vision reducing at the same time they need for anti-VEGF injections 
every few years [42]. AuNPs could be used along with brachytherapy by 103Pd and 
125I for improvement of the therapeutic efficiency in choroidal melanoma [43]. 
Pereira studied the efficacy of AuNPs in the LPS-induced eye inflammatory 
response, where topical AuNPs administration decreases intraocular inflammation 
and oxidative damage by interfering in the TLR4-NF-κB pathway [44]. The most 
common malignant intraocular tumor is retinoblastoma (RB). Wang et al. developed 
multifunctional-multimodal imaging-guided low-intensity focused ultrasound 
(LIFU)/immune synergistic RB therapy. Gold nanocages (AuNCs) are conjugated 
with iron oxide nanoparticles (AuNCs−Fe3O4), muramyl dipeptide (MDP), and 
encapsulated with perfluoropentane (PFP). Post-administration these multifunc-
tional drug-loaded nanoparticles are accumulated in tumors through a magnetic 
field. Under LIFU irradiation the nanoparticles underwent phase transition and 
MDP was released. The therapeutic effects were significantly enhanced with 
AuNCs-Fe3O4/MDP/PF leading to direct apoptosis/necrosis of tumors facilitating 
the cancer theranostic platforms [45].

Cerium oxide nanoparticles (nanoceria) possess remarkable radical scavenging 
activities. In ocular disease, in several diseases, the intracellular reactive oxygen 
species are mostly involved in diabetic retinopathy, aged macular degeneration, and 
retinal degeneration [46]. In a study, Chen et al. revealed that nanoceria has pre-
vented ROS-induced cell apoptosis while maintaining the normal function of pho-
toreceptor cells [47]. Nanoceria offered sustained protection against photoreceptor 
degeneration after intravitreal injection by upregulating the genes related to antioxi-
dant defense as well as photoreceptor-specific genes [48]. In other studies, nanoceria 
showed promising suppressing activity in the neovascularization model via down-
regulating the ASK1-P38/JNK-NF-κB pathways [49], as well as the slowdown of 
dysfunction of photoreceptor cells in an autosomal dominant retinitis pigmentosa 
rat model [50]. The metallic oxide (titanium dioxide) that is extensively used in 
cosmetic products shows a therapeutic role such as suppression of pathologic angio-
genesis, in vivo retinal neovascularization, without demonstrating any kind of toxic-
ity at the cellular viability and apoptotic activity in C57BL/6 mice model [51]. 
Zhang et  al. used vancomycin (Van)-modified fluorescent silicon nanoparticles 
(SiNPs-Van) theranostic nanoagents for rapid and noninvasive diagnosis and treat-
ment of Gram-positive bacteria-induced keratitis. The nanoagent SiNPs-Van has the 
ability of imaging bacteria in a short time both in vitro (5 min) and in vivo (10 min), 
for the detection of bacterial keratitis. At a particular concentration (0.5 μg/mL), 
SiNPs-Van illustrated superior efficacy of 92.5% in against Staphylococcus aureus 
(S. aureus) compared to native vancomycin is 23.3%. The therapeutic efficiency on 
the treatment of S. aureus-induced keratitis can be achieved by SiNPs-Van eye 
drops [52].
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7  Quantum Dots as Drug Delivery and Imaging

In an ophthalmology study, use of visible light may cause autofluorescence from 
ocular structures; therefore it’s necessary to reduce the contrast of ocular fluoro-
phores [53]. Without interfering with autofluorescence, QDs can offer both visible 
and NIR emissions of the electromagnetic spectrum [54]. The most common QDs 
used in eyes for diagnostic and therapeutic purposes are the cadmium selenium QDs 
with zinc sulfide core (CdSe/ZnS-QDs) [55]. QDs are effectively used for the label-
ing and bioimaging applications in ophthalmology, for clarity in the pathophysio-
logical events occurring in ocular structures and diseases. The most common adult 
primary tumor of the eye is uveal melanoma. For early detection, the aid of 
nanoparticle- based early detection and diagnosis has illustrated great potential in 
terms of noninvasive biomarkers [56]. Nanoparticles invented by Tari et al. can dif-
ferentiate between the early and late stages of retinal vascular diseases. Smaller 
particle sizes could travel from the circulation in the early stages of the disease, and 
by labeling, with color dye, the tracing, tracking, and monitoring of the disease 
status can be done [57]. In ocular vascular imaging, ophthalmoscopy as well as opti-
cal coherence tomography can take the advantage of optical imaging modalities. In 
one of the studies, anti-GFAP-QDs are utilized for imaging intermediate filaments 
in astrocyte and Muller glial cells in rat neural sensory retina [58]. Yamamoto devel-
oped aqueous colloidal QD (ACQD) for the detection of vitreous lesions and guid-
ance for vitrectomy surgery [59]. QDs can also be used for the early detection of the 
spontaneous CNV of age-related macular degeneration (AMD). The study con-
ducted by Takeda et al. showed that early detection and diagnosis are possible in 
AMD to protect patient’s vision. CCR3-targeting quantum dots can locate and 
reduce the vision loss by therapeutic angioinhibition [60]. QDs are applied into the 
ocular lymphatic pathway for monitoring the glaucoma eye pressure [61]. Antibody- 
conjugated QDs are used for the detection of melanoma by a high-throughput 
screening system. QDs were constructed to recognize the melanoma cells from the 
co-culture cells of melanoma-melanocyte co-culture model [62]. In OCT and other 
imaging approaches, gold nanocages and nanoshells are used [63]. Iron oxide 
nanoparticles are used for intravitreal injection to detect cells by magnetic reso-
nance imaging [64]. Manganese oxide nanoparticles were developed as a T1 con-
trast agent for the detection and integrity of retinal vessel structure. Iron oxide 
particles are used as a contrast agent for MRI for detecting uveal melanoma in rab-
bit models [65]. The administered contrast agent increased the ratio of the T1 to T2 
signal intensity in all of the ocular tissue. To evaluate the potential of tracking endo-
thelial progenitor cells EPCs in ocular angiogenesis, a critical pathologic feature of 
several blinding conditions of eye. Multispectral quantum dot nanocrystals (QD) to 
acetyl low-density lipoprotein (acLDL) to track CD34 (+) EPCs in a rat model of 
laser- induced choroidal neovascularization (LCNV) [66]. QDs have been used to 
track the transplantation of bone marrow stem cells in CNV. The therapeutic poten-
tial of the bone marrow-derived stem cells (BMSCs) was evaluated for laser-induced 
visual impairment due to retina degeneration. Intravitreal transplantation of BMSCs 
effectively repaired the retinal lesions by differentiating into retinal cells [67]. 
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Ocular lymphatic contributes to aqueous humor outflow. For the treatment of glau-
coma, latanoprost, a prostaglandin F2 alpha analog, is commonly used to lower the 
intraocular pressure (IOP), by increasing the lymphatic drainage from the eye 
thereby preventing blindness from glaucoma. Latanoprost stimulates ocular lym-
phatic drainage, and it was illustrated by multiple administrations of QDs and the 
signal intensity in the latanoprost-treated group compared with controls [68]. The 
traditional standard approach of surgical eye removal, plaque radiotherapy, has been 
used to control the primary uveal melanoma, but these procedures lead to cosmetic 
defects and eventual loss of vision. Chemotherapy treatments are provided for treat-
ing liver metastases of uveal melanoma, but could not prolong the survival rate of 
the patient. Further blood-retinal barrier and aqueous and corneal barrier restrict the 
access of drugs in the eyes [69, 70].

8  Carbon Nanomaterials and Imaging

Carbon-based nanoparticles are made only of carbonaceous nanomaterials. Carbon 
dots (CDs) are new type of nanoparticles appropriate for the applications of drug 
and gene delivery, imaging, as well as biosensing. CDS are spherically shaped 
nanocarriers with a diameter of <10 nm [71]. Different functional groups (e.g., -OH, 
-COOH, -NH2) are present on the surface of carbon core which are endowed with 
better biological activity, good water solubility, and formation of stable conjugates 
with organic and inorganic substances and display low cytotoxicity, high degree of 
oxidation, and good water retention ability [72]. Various types of CDs like carbon 
quantum dots (CQDs), carbonized polymer dots (CPDs), carbon nanodots (CNDs), 
and graphene quantum dots (GQDs) can be outlined depending by taking into the 
account of the structure of the carbon core, surface groups, and properties [73, 74]. 
CDs have photoluminescence (PL) properties that are size-dependent, and it yields 
different fluorescence colors which makes them an imperative material for biomedi-
cal applications [75]. The application of CDs has been used for ocular gene delivery. 
Carbon quantum dots are synthesized from biogenic polyamines and are used as a 
promising antibacterial agent for the treatment of microbial infection (keratitis) 
[76]. For disease diagnosis and therapy as well as bioimaging, folic acid (FA), hyal-
uronic acid (HA), and RGD peptide have been conjugated with CDs. In a study Liu 
et  al. constructed PEI-CDs for gene delivery to the cells. The PEI-CDs showed 
higher gene expression of plasmid DNA, illustrating the capability of CD-PEI con-
cerning gene delivery and bioimaging [77]. Fluorescein angiography (FA) was done 
with selenium and nitrogen co-doped CDs having a high green fluorescence. The 
co-doped CDs were administered to C57BL/6 J mice, which produced a clear FA 
image of the retinal vasculature as well as details of the capillary bed, illustrating its 
efficacy as a high-performance fluorescent imaging platform for angiography [78]. 
Karakoçak et al. developed red-emissive nitrogen-doped CDs for enhanced bioim-
aging which demonstrated highly effective diffusion and distribution in porcine 
eyes after intravitreal injection of CDs in ex vivo results [79]. VEGF aptamers func-
tionalized CDs were used to reduce angiogenesis in an in vitro model of CNV. It 
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was found that the antiangiogenic effect of the anti-VEGF-CDs was similar to com-
mercially available (bevacizumab and aflibercept) anti-VEGF agents [80]. Another 
carbon-based nanomaterial, nanodiamond (ND), is recently used which is compe-
tent in carrying biomolecules such as protein, DNA, and small drug molecules. 
ND-based CRISPR-Cas 9 delivery tools are used as vectors, and that was function-
alized with carboxyl (-COOH) and covalently conjugated with fluorescent 6His- 
tagged mCherry reporter protein for creating in vitro and in vivo disease models 
X-linked retinoschisis (XLRS). These nanocarriers were internalized by human- 
induced pluripotent stem cells (iPSCs) and mouse retinas via the endosome path-
way. In NDs with the addition of bovine serum albumin, the mCherry protein 
remains stables in the retina for up to 2 weeks [81].

9  Upconversion Nanoparticles

Upconversion nanoparticles (UCNPs) are built on rare-earth-based lanthanide- or 
actinide-doped transition metals that are able to emit high-energy photons by 
sequentially absorbing low-energy photons. UCNP are able to absorb NIR energy 
and can emit light in visible or ultraviolet regions. This behavior is advantageous in 
biomedical applications for exercising deep penetration depth with negligible dam-
age to cells or tissues. These inimitable features of UCNP platforms are effectively 
applied in photochemical reactions, bioimaging, and biosensing [82]. In a study Ma 
et  al. constructed smart ocular injectable photoreceptor-binding upconversion 
nanoparticles by using sodium yttrium fluoride NaYF4 and ytterbium (YB)/erbium 
(Er) for enabling NIR light sensation and pattern vision. The Yb/Er@NaYF4 
nanoparticle was conjugated with a protein concanavalin A (Con A) with poly-
acrylic acid coating. These water-soluble nanoparticles are anchored to the retinal 
photoreceptors to create NIR light image vision with negligible side effects. The 
unique feature of UCNPs is the generation of green light under light illumination at 
980  nm, the administered nanoplatforms into subretina permitted the mice to 
achieve NIR image vision as the green light. The UCNPs could be effectively used 
for the study of light-related behaviors of mammals and will have the potential to 
treat vision disorders in the future [83].

10  Ultrasound-Responsive Nanobubbles

Ultrasound-mediated generation of nanometer size bubbles is known as nanobub-
bles. These nanobubbles were designed to get efficient drug delivery systems with 
minimal invasiveness, rendering longer residence time. Their small sizes allocate 
extravasation from blood vessels into surrounding tissues with the ultrasound-tar-
geted site-specific release [84]. Nanocarriers such as drug-loaded polymeric hydro-
gels or nanobubbles, after administration, are exposed to ultrasound waves forming 
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cavitation with high temperatures at the site, causing the rupture of the polymeric 
chains of the nanobubble [85, 86]. Ultrasound-responsive systems-mediated drug 
delivery to the specific site prevents the side effects which can be seen with systemic 
administration of certain drugs. Combination of nanobubbles and ultrasound has the 
capacity that may improve the consequences of intravitreally administered drugs by 
influencing the directionality of drug- containing particle migration. Thakur et  al. 
evaluated the impact of trans-scleral or corneal distribution of intravitreally injected 
rhodamine-tagged gas-entrapped nanobubbles injected into ex vivo bovine and por-
cine eyes. The particles are able to move in a directional manner away through the 
intervention of an ultrasound wave source indicating effective control of the rate and 
path of nanobubble migration toward prompt therapeutic intervention [87]. By the 
use of ultrasound-responsive systems, drugs were delivered at a rate that is con-
trolled from an external source which is useful for cancer treatment. Bhandari et al. 
used oxygen nanobubbles for the delivery of mitocin-C to lower the tumor progres-
sion rate with a 50% lower drug concentration [88].

11  Nanoparticles for Phototherapy

The quantification of tumor development was studied with green fluorescent protein 
(GFP). Glioblastoma is an aggressive tumor with a greater rate of recurrence [89]. 
It rapidly grows and spreads into nearby brain tissue affecting visual capabilities 
and spreading to the optic nerve [90]. Goswami et al. in a study developed an ocular 
xenograft model in which green fluorescent protein (GFP)-expressed human glio-
blastoma cells that were implanted into the subretinal space of immunodeficient 
mice. For xenograft model was visualized and imaged noninvasively using com-
bined fluorescence scanning laser ophthalmoscopy (SLO) and volumetric OCT. The 
tumors were treated intravenously with nanodox (doxorubicin-containing porphyrin 
and cholic acid-based nanoparticles). Fluorescence resonance energy transfer 
(FRET) emission (doxorubicin → porphyrin) was used to localize nanodox in the 
xenografts, and it was activated with light exposure of 690 nm. After exposure, there 
was a reduction in tumor volume. Through “nanodox” light-activated breakdown of 
the nanocarrier and release of doxorubicin and imaging enable to focus the laser 
beam directly to tumor for a period of 15 to 30 mins for better photodynamic and 
photothermal therapy, without irradiating nontumor tissue [91].

12  Challenges in the Clinical Translation

Nanomedicine has to get through several for its validation of use in the clinical tri-
als. Various obstacles are being encountered while transiting from nanomedicine to 
nanopharmaceutical design include large-scale production to Good Manufacturing 
Practice standards and quality control, i.e., (formulation to commercialization 
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(production scale) (Fig. 3). The choice of optimum technique would influence, sup-
port and speed up the scalability process. Further, quality control testing should 
ensure the safety and efficacy of the pharmaceutical product during the process and 
support the batch-to-batch variability [92].

13  Conclusion and Future Perspective

Early detection of cancer is undoubtedly a very important step toward effective 
cancer treatment. However, the early stage determination of cancer diagnosis 
remains as a formidable challenge. The emergence of nanoformulations has played 
a very vital role in the therapeutic strategy of ocular disease. It has also aimed at the 
management of the ocular disease because of its bioadhesives, sustained release, 
and targeted delivery. Further, several multifunctional nanosystems have been 
developed that are specifically aimed at real-time visualization of tumor cells and 
their adjacent tumor microenvironment behavior that could provide valuable infor-
mation on cancer progression. Different approaches such as OCT, fundus photogra-
phy, fluorescein angiography, PET, MRI, US, confocal microscopy, etc. are 
employed in the ocular diagnosis and recovery process. But these approaches have 
some advantages when compared to one another for disease diagnosis. To overcome 
these drawbacks, nanotheranostics options open up a new window that provides 
multiple therapeutic options. Theranostic nanomedicine is the means for potential 
applications of a multidisciplinary approach to cancer diagnosis and treatment. The 
development of nanorobots (and nanodevices) will aid to study the dual function of 
tissue diagnosis and repair with a full external control mechanism. Recently nanoro-
bots are developed, a slippery coating that can efficiently swim in the vitreous body 
of the eye. These nanorobots will be the future drug transporter into the eye. In 
ophthalmic studies, the future plan would be toward the development of noninvasive 
delivery routes that can be catered to ocular diseases in both segments. As a result 

Laboratory
bench scale

Studies on stability of
formulations

Stages of product development and translation from bench to bedside

Scaling up for
manufacturing process
optimization and quality
control

Commercialization
of final product

Production
scale

Pilot and
pivotal scale

Fig. 3 Diagrammatic depiction of steps towards product development from bench to bedside
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of which, a combination package, the diagnostic and therapeutic functions, may be 
introduced to enable visual tracking during the treatment of ocular disease.
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Protein and Peptide-Based Therapeutics 
for Cancer Imaging

Suhaas Rayudu Aluri

1  Introduction

In 2021, it was estimated that about 1,900,000 Americans were diagnosed with can-
cer and about a third of them succumbed to the illness [1]. Hence, early detection of 
cancer is essential to ensure timely intervention and treatment. Many clinicians 
resort to biopsies for an informed histopathological diagnosis [2, 3]. Biopsies require 
an invasive procedure for tissue collection and qualified pathologists for accurate 
tissue assessment [2, 3]. Though cost-effective, biopsies can be inaccurate leading 
to misdiagnosis and repeat sampling through multiple invasive procedures [2]. 
Hence, progress made in imaging instrumentation, protein sciences, and molecular 
biology has allowed researchers and clinicians to implement cancer imaging tools 
that are more effective and robust [4]. These imaging tools are noninvasive and are 
used to visualize and diagnose tumors at all stages. These tools not only provide 
clinicians with the ability to detect neoplasms but also provide them with valuable 
information on tumor growth, metabolism, and metastasis [4, 5].

The six (6) major imaging modalities employed in the clinic are (1) X-ray/com-
puter tomography (CT), (2) ultrasound, (3) magnetic resonance imaging (MRI), (4) 
single-photon emission computed tomography (SPECT), (5) positron emission 
tomography (PET), and (6) optical imaging [5]. However, these techniques are used 
with systemically administered  contrast agents/imaging agents to improve the 
signal- to-noise ratio (SNR)  of interested tumors against surrounding tissues [5]. 
These agents localize in the tumor using both targeted and untargeted  (passive) 
approaches thereby enhancing the tumor’s SNR for imaging [5–8]. To date, there 
have been more than ten clinically approved contrast/imaging agents for cancer 
(Tables 1 and 2) and several others currently in various stages of clinical development.
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Table 1 FDA-approved tumor imaging agents exploiting untargeted (passive) mechanisms

Product
Imaging 
modality Description Manufacturer

Axumin® PET Fluorine F-18-labeled synthetic 
amino acid analog Fluciclovine

Blue Earth Diagnostics 
[23]

Fludeoxyglucose 
F-18 injection

PET Fluorine F-18-labeled glucose 
(Fludeoxyglucose, FDG)

The Feinstein Institute 
for Medical Research 
[24]

Megatope® SPECT Iodinated (Iodine I-131) 
Albumin

Iso-Tex Diagnostics 
Inc. [25]

Gadavist® MRI Gadobutrol (Gadolinium (Gd3+) 
chelate)

Bayer Healthcare [26]

ProHance® MRI Gadoteridol (Gadolinium 
(Gd3+) chelate)

Bracco Diagnostics 
[27]

IC-GREEN™ NIR 
fluorescence

Indocyanine green Akorn Inc. [28]

Table 2 FDA-approved imaging agents exploiting active targeting mechanisms

Product
Imaging 
modality Description Manufacturer

Bexxar®a SPECT Tositumomab and Iodine I-131 
Tositumomab

GlaxoSmithKline [34]

Gallium Ga-68 
PSMA-11 injection

PET Gallium Ga-68 chelated to 
HBED-CC and PSMA-11 
peptidomimetic conjugate

University of California, 
Los Angeles [35]

Lymphoseek®b SPECT Technetium Tc-99 m chelated to 
DTPA and tilmanocept conjugate

Cardinal Health [36]

Netspot™ PET Gallium Ga-68 dotatate 
(Gallium-68 chelated to DOTA 
conjugated Octreotate)

Gipharma/Advanced 
Accelerator Applications 
[37]

Octreoscan™ SPECT Indium In-111 chelated to DTPA 
and Somatostatin peptide 
analogue conjugate

Curium [38]

Protascint® SPECT Indium In-111 chelated to DTPA 
and anti-PSMA Murine IgG1 
conjugate

EUSA Pharma [39]

Verluma®a SPECT Technetium Tc-99 m chelated to 
merpentan and anti MS4A1 
murine Fab conjugate

Boehringer Ingelheim 
[40]

Zevalin® SPECT Indium In-111/Yttrium Y-90 
chelated to tiuxetan and 
ibritumomab conjugate

Spectrum Pharmaceuticals 
[41]

aThe manufacturing of Bexxar® and Verluma® has been discontinued by their respective manu-
facturers
bA technetium Tc-99 m chelated version of Lymphoseek® is available as Tektrotyd®
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This chapter aims to provide the reader with a holistic review of protein- and 
peptide-based contrast/imaging agents used in various imaging modalities. It also 
summarizes the key targeting approaches exploited by these contrast/imaging 
agents for accurate tumor recognition and imaging.

2  Targeting Approaches Used for Tumor Imaging

The combination of protein engineering and recombinant technologies has led to 
the approval of several proteins and peptide therapies against multiple tumor types 
[7, 9]. Protein- and peptide-based therapies specifically bind tumor markers, 
thereby inducing an antitumor effect [7, 9]. Due to their target specificity, proteins 
and peptides are heavily used as targeting agents for drug delivery applications [10, 
11]. Concurrently, imaging modalities have significantly improved in precision and 
reliability by  adapting proteins and peptides based targeting approaches in both 
clinical and translational imaging [5, 12–16]. Targeting approaches utilized in imag-
ing overlap extensively with those developed for cancer drug delivery. Hence, these 
approaches can similarly be classified into (1) “passive” and (2) “active” tar-
geting [7].

Note: The phrases “contrast agents,” “imaging agents,” and “tracers” will be 
used interchangeably throughout the text depending on the imaging modality used.

2.1  “Passive” Targeting of the Tumor via the Enhanced 
Permeability and Retention (EPR) Effect

Tumors require a large amount of energy, nutrients, and oxygen to support their 
metabolic needs. This forces tumors to rapidly develop their own vasculature 
through angiogenesis and connects the tumor masses with existing functional vas-
culature for constant nourishment [17]. The rapid and chaotic vascular development 
produces semi-porous blood vessels which are inefficient and haphazardly arranged. 
These semi-porous blood vessels possess pores with diameters of around 
400–600 nm [18], which allows easy diffusion and accumulation of constructs with 
diameters of ≤100 nm into the tumor microenvironment [18]. The accumulation at 
the tumor site is further enhanced by the lack of a lymphatic system which allows 
for increased retention of imaging agents at the tumor site [8, 19]. The combination 
of these two mechanisms is generally referred to as the enhanced permeability and 
retention (EPR) effect (Fig. 1). Table 1 lists FDA-approved imaging agents which 
passively diffuse into tumors and exploit the EPR effect.

In spite of its simplicity, passive EPR-based targeting is impacted by (1) elevated 
interstitial pressure due to lack of lymphatic drainage [6, 20, 21], (2) vascularity of 
the tumor [21, 22], and (3) inconsistent cellular density in tumors [20, 22]. All these 
factors combined lead to the variable tumor accumulation and in some cases 
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Fig. 1 Description of the EPR effect: The haphazard development of tumor blood vessels leads to 
a “leaky” vascular system which promotes “passive” extravasation of imaging agents into the 
tumor microenvironment compared to an intact normal vascular system

“washout” of retained imaging agents [21, 22] (Fig.  2). Although these tumoral 
characteristics can be modified to boost accumulation, only a modest increase is 
observed [20]. Hence, passive targeting approaches need to be augmented to ensure 
accuracy and specificity.

2.2  Active Targeting of Tumors Using Proteins and Peptides

Active targeting of tumor can be achieved by conjugation of imaging agents to 
tumor-specific ligands or molecules. Following passive EPR-driven tumor accumu-
lation, active targeting allows the imaging agents to engage tumor-specific surface 
markers [7]. Engagement of these surface markers increases the number of accumu-
lated imaging agents and boosts retention [29]. A vast number of cell surface recep-
tors are upregulated in tumor cells and serve as ideal markers for tumor targeting. 
Examples of such tumor markers include epidermal growth factor receptors (EGFR), 
vascular endothelial growth factor receptors (VEGFR), CD20, prostate-specific 
membrane antigen (PSMA), transferrin receptor (TF), folate receptors (FR), 
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Fig. 2 Impact of active targeting on tumoral retention of imaging agents: Tumoral retention of 
imaging agents is driven by a combination of passive and active targeting mechanisms. (a) Targeted 
imaging agents (TIA) passively diffuse into the tumor microenvironment through the EPR effect 
and actively engage tumor-specific targets leading to improved tumor penetration and retention. 
(b) Untargeted imaging agents (UIA) passively diffuse into the tumor microenvironment through 
the EPR effect. However, UIAs fail to engage tumor-specific targets leading to poor tumor reten-
tion and penetration. The poor retention combined with the high interstitial pressure washes the 
UIAs which reduces the efficiency of the imaging agent. Abbreviations: TIA targeted imaging 
agent, TME tumor microenvironment, UIA untargeted imaging agent

E-selectin, and somatostatin receptors (SR). All the listed targets play a crucial role 
in tumorigenesis, tumor progression, and tumor metastasis.

Despite the obvious benefits of active targeting, this approach is limited by (1) 
expression levels of tumor surface markers [30], (2) inconsistent tumor penetration 
due to variable tumor densities [18, 20, 31], and (3) immunogenicity of the conju-
gated protein or peptide ligand [32]. A combination of these factors could lead to 
rapid clearance of the imaging agent, thereby reducing imaging efficiency [32]. 
Hence, imaging agents have to be developed to exploit the combined effect of both 
passive and active approaches [29, 33]. This would allow high tumoral retention 
with minimal “washout” of the imaging agent (Fig. 2) [21, 29]. The retention of the 
imaging agent improves the signal-to-noise ratio (SNR), leading to higher contrast 
images for accurate diagnosis/prognosis of cancer [5]. This approach also decreases 
the off-target localization of imaging agents which lowers the diagnostic efficiency 
of the imaging agent [30]. Table 2 lists FDA-approved targeted imaging agents.

3  Tumor Imaging Approaches Using Proteins and Peptides

Protein and peptides have attracted a lot of interest in tumor imaging and targeting. 
They provide perfect development platform due to their (1) high target specificity 
(many receptor ligands are typically proteins and peptide), (2) ease of modification, 
and (3) ease of conjugation [42, 43]. Protein engineering and screening technolo-
gies have yielded a huge library of highly selective tumor-targeting agents like 
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Fig. 3 Targeting motifs and carriers used in tumor imaging: (a) Examples of protein and peptide 
motifs typically used in tumor targeting. (b) Examples of contrast/imaging agent carriers used in 
various tumor imaging modalities. Abbreviations: Fab fragment antigen binding, scFv single- 
chain variable fragment

peptides, protein ligands, affibodies, antibodies, and antibody fragments (single- 
chain variable fragment (scFv) and fragment antigen binding (Fabs)) (Fig. 3a), for 
various tumor-targeting purposes. These agents can also be used to functionalize 
imaging particles (Fig. 3b) to enhance their capabilities. Some of these approaches 
have shown promise as therapeutic agents and have been approved for the treatment 
of cancers. A list of tumor markers, functions, and approved products is summa-
rized in Table 3.

As imaging agents, proteins and peptides have found use as both carriers and 
targeting ligands [76]. As carriers, they do not possess the encapsulation efficiency 
of micelles or liposomes. However, they serve as carriers themselves via conjuga-
tion of imaging agents through both covalent and non-covalent approaches. 
Examples of proteins or peptide-based carriers include RGD peptides [77–81], 
ligands [82], antibodies [83–85], albumin [86, 87], ProCA1 [88, 89], and polylysine 
[90]. The application of each will be elaborated on in relevant sections.

Protein and peptides also serve as targeting ligands and are used in functional-
izing nonspecific imaging agent carriers (Fig. 3b) against tumor targets [76]. Due to 
the huge repertoire of targeting ligands and imaging agents, researchers have the 
ability to develop “plug and play” approaches, where imaging agents and ligands 
are chosen based on the imaging modality and tumor type, respectively [14, 91–94]. 
For example, an MRI imaging approach using an anti-HER2 targeted contrast agent 
can easily be adapted for PET imaging by simply swapping out the contrast agent.
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Table 3 Summary of tumor targets, functions, and clinically approved targeted therapies

Tumor marker Function
Approved 
products References

Cathepsins (B, L, 
and S)

Lysosomal proteases which play a 
significant role in tumor metastasis. 
They are upregulated in tumors, causing 
degradation of the extracellular matrix 
leading to metastatic spreading

None available [44–46]

CD20 A B-cell surface receptor with no 
natural ligand. The function of CD20 
receptor is unclear but targeting CD20 
has translated to several approved 
cancer therapies

Rituximab 
(Rituxan®)
Ocrelizumab 
(Ocrevus®)
Ofatumumab 
(Kesimpta®)

[47–49]

Endoglin (CD105) A transmembrane cell surface receptor 
is highly expressed on a variety of 
tumor vasculatures. Plays a role in 
tumor angiogenesis and progression

None available [50, 51]

EGF/EGFR (EGF/
epithelial growth 
factor receptors)

EGF and EGFRs are highly upregulated 
on cancerous cells and are known to 
promote tumorigenesis. Targeting EGF/
EGFR has translated to several 
approved cancer therapies. These targets 
include the HER2 receptor as well

Cetuximab 
(Erbitux®)
Trastuzumab 
(Herceptin®), 
panitumumab 
(Vectibix®)
Necitumumab 
(Portrazza®)

[52–54]

EpCAM (epithelial 
cell adhesion 
molecule)a

A transmembrane protein is highly 
expressed on tumor cells. Plays a crucial 
role in tumor progression by promoting 
cell proliferation. Targeting EpCAM has 
translated to several approved cancer 
therapies

Edrecolomab 
(Panorex®)
Catumaxomab 
(Removab®)

[53, 55, 
56]

E-selectin Selectins are adhesion molecules that 
are highly upregulated on tumor cells. 
They promote the interaction of tumor 
cells with epithelial cells promoting 
tumor metastasis

None available [57, 58]

Fibrin-fibronectin The fibrin-fibronectin system plays a 
crucial role in clotting but also promotes 
tumor stroma formation. They promote 
angiogenesis and are abundantly present 
in the tumor extracellular matrix (ECM)

None available [59, 60]

Glucose transporters 
(GLUT)

Glucose transporter is upregulated in 
tumor cells for glucose supply due to 
their high energy demand. GLUT 
targeting had been utilized in approved 
tumor imaging products

None available [61–63]

(continued)
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Table 3 (continued)

Tumor marker Function
Approved 
products References

Integrinsb Integrins are a group of heterodimeric 
transmembrane receptors which play a 
crucial role in tumor metastasis and 
progression

Abciximab 
(Reopro®)
Natalizumab 
(Tysabri®)

[64, 65]

p32 A mitochondrial protein which bind 
various intracellular and extracellular 
proteins. Shown to be highly 
upregulated in tumors, especially in 
hypoxic regions on the tumor

None available [66]

P-selectin Selectins are adhesion molecules which 
are highly upregulated on tumor cells. 
They promote interaction of tumor cells 
with platelets and leukocytes promoting 
tumor metastasis

None available [67, 68]

PSMA (prostate- 
specific membrane 
antigen)

PSMA is a membrane protein with 
enzymatic properties. It is highly 
upregulated in prostate cancer and 
correlates well with the aggressiveness 
of the disease

None available [69]

Transferrin receptor Transferrin receptors are iron 
transporters that are upregulated in 
tumor cells for iron supply due to their 
high metabolic demand

None available [70, 71]

VCAM (vascular 
cell adhesion 
molecules)

VACMs are adhesion molecules 
expressed that mediate the attachment 
of lymphocytes to epithelia. It is 
suggested that upregulated VCAMs 
(VCAM-1) expression in tumors may 
promote tumor immune evasion by 
promoting T-cell migration

None available [72, 73]

VEGF/VEGFR 
(vascular endothelial 
growth factor /
vascular endothelial 
growth factor 
receptor)

VEGF and VEGFRs are upregulated in 
tumors and play a crucial role in tumor 
angiogenesis. Targeting VEGF/VEGFR 
has translated to several approved 
cancer therapies

Aflibercept 
(Eylea®)
Bevacizumab 
(Avastin®)

[74, 75]

aApproved antibodies against EpCAM have been withdrawn from the market
bApproved antibodies against various integrins have not been indicated for use in cancer 
applications

3.1  X-Ray/Computer Tomography (CT)

X-ray-based imaging is the oldest noninvasive imaging technique in use today [95]. 
This technique utilizes the absorption of the high-intensity electromagnetic waves 
by the body’s organs generating a single plain view of the patient’s anatomy [96]. 
CT utilizes a rotating beam of X-rays to capture absorption signals. These signals 
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are converted to images and are collated to form a 3D image of the organ/tissue of 
interest [96]. To generate sufficient contrast in the tissue of interest, a contrast agent 
is typically used. Products like iohexol (Omnipaque™) and iopromide (Ultravist™) 
are approved iodine-based contrast agents. Due to their small size, they are rapidly 
cleared through the kidney and significantly reduce their application as tumor con-
trast agents [97]. To improve the application of these contrast agents to tumor imag-
ing, carriers have to be developed to ensure sufficient tumor localization to generate 
sufficient contrast when compared to tissue background [97]. However, none of 
these approaches have been approved by the FDA for tumor imaging. Hence, this 
section aims to summarize work performed by various researchers utilizing proteins 
and peptides to develop novel tumor-targeting contrast agents for x-ray imaging.

Proteins and peptides do not possess the required opacity to be used as contrast 
agents. However, several groups have exploited their target specificity to functional-
ize commonly used contrast agents like gold and iodine-containing nanoparticles to 
improve tumor contrast. Gaikwad et  al. and Tsvirkun et  al. developed contrast 
agents targeting cathepsins which are upregulated in metastatic tumors [46]. Both 
the groups utilized a novel peptide-based broad cathepsin enzyme inhibitor, GB111 
[94, 98]. The peptide based cathepsin inhibitor, GB111, was covalently conjugated 
to  iodine-tagged dendrimers  (Gaikwad et  al.) and gold nanoparticles  (Tsvirkun 
et  al.) respectively. Gaikwad et  al. demonstrated that the cathepsin-targeted den-
drimers not only inhibited tumoral cathepsins but also showed their applicability for 
tumor imaging in vivo. A 2.1-fold increase in signal was observed compared to the 
untargeted dendrimer control in the evaluated mouse tumor model [94]. Likewise, 
Tsvirkun et  al. generated gold nanoparticles of various sizes (10  nm–100 nm in 
diameter) and compared their tumor uptake to similarly sized GB111-tagged 
nanoparticles in a mouse tumor model. The gold particles demonstrated a size- 
dependent uptake with the smallest GB111-tagged gold nanoparticles (10  nm) 
showing the highest accumulation in vivo. These particles showed a significantly 
high accumulation of up to 12% of tumor volume in the evaluated subcutaneous 
tumor model [98].

Angiogenic marker Integrin (αvβ3) is widely studied for various tumor-targeting 
approaches [99]. The αvβ3 integrin is targeted efficiently using cyclic arginine- 
glycine- aspartic acid (RGD) tripeptide motif [78]. Yu et al. generated cyclic RGD- 
functionalized chitosan-graft-poly(l-lysine) (CPL)-based gold particles[90]. In 
mice, these particles produced visibly superior tumor images when compared to 
Omnipaque®, an orally administered contrast agent. The RGD-functionalized par-
ticles also improved tumor delivery of shRNA thereby improving the tumor-killing 
efficacy of CPL particles [90].

Several tumor surface markers like p32 [100], transferrin receptor [101], and 
E-selectin [102] have been used as targets for CT-based imaging. Using Lyp-1, a 
p32 receptor-targeting peptide (sequence “CGNKRTRGC”), Kinsella et al. success-
fully demonstrated tumor accumulation of p32-targeted Bi2S3 nanoparticles in a 
mouse-human breast cancer xenograft model. The p32-targeted Bi2S3 nanoparticles 
showed a 260% higher tumor accumulation than untargeted nanoparticles and also 
improved tumor visualization [100]. Similarly, Miayata et  al. and Wyss et  al. 
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functionalized liposomes against transferrin receptor and E-selectin, respectively. 
Miayata et al. functionalized iodine-containing contrast liposomes with transferrin, 
a transferrin receptor ligand, and successfully tracked them in rat F98 glioma cells 
[101]. They reported stable imaging of implanted tumors for up to 72 h postinjec-
tion with the transferrin-tagged liposomes, while the control liposomes showed tis-
sue wash out within 24 h [101]. Wyss et al. functionalized iodine-containing contrast 
liposomes with E-selectin-binding peptide (ESBP). The ESBP was identified 
through screening of a recombinant peptide library and has the sequence 
“BCDSDSDITW-DQLWDLMK,” where B is beta-alanine. Using micro-CT, the 
group demonstrated selective tumor accumulation of the targeted liposomes in 
HT-29 tumor-bearing mice. They reported an increase of – 8 Hounsfield units (HU) 
in the tumor due to accumulation of targeted liposomes. Thereby, validating the use 
of E-selectin targeted contrast agents for tumor imaging [102].

Several antibodies have also been used to functionalized CT contrast agents to 
further enhance tumor contrast. Popovtzer et al. conjugated anti α6β4 (A9 antigen) 
antibodies to polyacrylic acid functionalized gold nanoparticles and demonstrated 
fivefold higher tumor accumulation than non-targeted control in a squamous cell 
carcinoma xenograft model. They also demonstrated a three to fourfold increase in 
signal when compared to non-targeted tissues [103]. Hainfeld et  al. used trastu-
zumab (Herceptin®), a monoclonal antibody against HER2, to enhance tumor 
uptake of gold nanoparticles. The targeted carriers showed a 1.6-fold increase in 
HER2 + ve tumors when compared to HER2-ve tumors. CT images taken of the 
HER2+ve tumor show particle accumulation in the tumor periphery. The particles 
also showed 22-fold higher tumor accumulation compared to surrounding tissue 
allowing for distinct recognition of tumors during imaging [84]. Similarly, Ashton 
et  al. used cetuximab (marketed as Erbitux®), a monoclonal antibody against 
EGFR.  Cetuximab-conjugated gold nanoparticles showed a significantly higher 
accumulation in the tumor when compared to experimental controls. The images 
obtained were qualitatively superior to the controls. The total amount of gold 
nanoparticles accumulated in the tumor is twofold higher than the experimental 
controls [104].

3.2  Ultrasound Imaging

Ultrasound is a routine noninvasive technique used for imaging various tissues and 
has found applicability in tumors. This technique detects high-frequency sound 
waves (1–20 kHz) [91, 96] reflected by high-density organ/tissue to generate a com-
puter image of the organ/tissue. The sound waves are generated by piezoelectric 
crystals which are the main component of the ultrasound  transducer. The transducer 
is the source and receiver of the reflected sound waves [96]. To enhance contrast of 
tumors versus surrounding tissue, contrasting agents with significantly different 
compressibility and reflectivity compared to the surrounding tissues are 
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Fig. 4 Principle behind ultrasound contrast agents: The ultrasound  transducer generates sound 
waves which propagate and scatter throughout the imaging area. The sounds waves induce nonlin-
ear oscillations in the MBs/NBs generating backscatter waves which are sent back to the trans-
ducer to be processed. The signal generated by MBs/NBs tends to be more distorted than 
surrounding tissue allowing for quick identification and interpretation

recommended [105]. Hence, particles like microbubbles (MB)/nanobubbles (NB) 
make good contrast agents due to their compressibility in a sonic field (Fig. 4) [106]. 
MBs are made of a gaseous core stabilized in a hard shell usually made from lipids, 
proteins, or polymers [105–107]. SonoVue® and Lumson® are examples of 
MB-based contrast agents approved for ultrasound imaging. MBs usually range 
from 1–10 μm in size and largely circulate in the blood pool, limiting their applica-
bility for tumor imaging due to poor extravasation into the tumor microenvironment 
[107]. However, the lack of tumor diffusion allows MBs to be used for tumor vas-
culature characterization. Nanobubbles (NB) on the other hand are much smaller 
than MBs and ideal for both passive and active targeting approaches [108]. Hence, 
functionalizing of MB/NBs with tumor-specific targets allows for both character-
ization of tumors and their vasculature [16]. The various protein and peptide-based 
approaches utilized for ultrasound  contrast agents are summarized in this sec-
tion. However, none have been approved by the FDA. 

Similar to X-ray-based imaging, proteins and peptides by themselves cannot be 
used as  ultrasound contrasting agents but can be employed as targeting moieties. In 
order to generate integrin-targeted MBs, Otani et al. modified a commercially avail-
able MB preparation, Sonazoid® (Daiichi Sankyo, Japan), with lactadherin [109]. 
Lactadherin binds both αvβ3 and αvβ5 through an epidermal growth factor (EGF)-
like domain displaying the RGD motif [110, 111]. By incorporating the lactadherin 
protein, there is a significant increase in tumor accumulation of the αvβ3 targeted 
Sonazoid® particles in a SKOV-3 ovarian adenocarcinoma xenograft model. 
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Similarly, integrin αvβ3 can also be targeted using the simple RGD motif as demon-
strated by Hu et al. [77]. The work was performed to demonstrate a tumor size- 
dependent accumulation of MBs in a human tumor. Hu et  al. demonstrated 
significantly higher update in small tumors than large tumors, concluding that 
higher tumor necrosis observed in large tumor reduces tumor accumulation, hence, 
demonstrating the application of MBs in monitoring tumor angiogenesis during 
tumor growth [77].

Commonly investigated tumor targets like HER2, VEGFR-2, and endoglin 
(CD105) were also evaluated as targets for  contrast agents. Yang et al. [112] suc-
cessfully targeted HER2 using NBs coated with an anti-Erb2 affibody.  The affibody- 
coated NBs demonstrated a statistically significant increase in ultrasound signal and 
image contrast when compared to the unlabeled NBs and SonoVue® controls. Yang 
et al. also demonstrated increased tumoral residence times for targeted NBs which 
lead to significant enhancements in tumoral signal when compared to experimental 
controls [112]. Endoglin (CD105), an important angiogenesis biomarker [113, 114], 
was successfully targeted by Shan et al. using MBs functionalized with anti-CD105 
antibodies, to detect tumor-specific vasculature in a hepatoblastoma xenograft 
model [114]. A threefold increase in  intensity was observed over the experimental 
control group, making this approach a viable option for the diagnosis of liver 
carcinomas.

To enhance synergy between various targets, multi-specific MBs have also been 
evaluated. Yuan et al. utilized a dual-targeting approach with VEGFR-2 and αvβ3 
integrin-specific MBs. The individual and dual-targeted MBs showed >90% con-
trast enhancement compared to untargeted particles when evaluated in an 
MHCC-97H human liver carcinoma xenograft model [115]. Similar to the previous 
dual-targeting approach, Warram et  al. [116] designed triple-targeted MB-based 
contrast agent against VEGFR-2, P-selectin, and αvβ3. When evaluated in  vivo 
using an MDA-MB-231 tumor xenograft mouse model, the triple-targeted MBs 
showed a 40% increase in image intensity over both the single- and dual-targeted 
MBs. Hence, multipronged approaches improve the apparent avidity of the contrast 
agent, thereby increasing the likelihood of efficient tumor recognition and thereby 
improving image contrast.

All of this research culminated in the first targeted MB-based contrast agent 
being introduced into clinical trials. In 2010, the first Phase 1 trial using vascular 
endothelial growth factor receptor-2 (VEGFR-2)-targeted microbubbles, called 
BR55, was initiated for breast and ovarian cancer imaging [117]. The BR55 MBs 
were functionalized with a lipopeptide that specifically binds VEGFR-2. In the clin-
ical study, VEGFR-2 expression on tumors matched well with ultrasound imaging 
signal in 93% of breast and 85% of ovarian malignant lesions. BR55 was also shown 
to be well tolerated by all dosed patients [118]. Information on product progress and 
commercialization is currently unavailable. However, this is still very promising 
development for targeted ultrasound contrast agents and a validation of targeting 
technologies overall.
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3.3  Magnetic Resonance Imaging (MRI)

MRI is an imaging technique which utilizes signals emitted by the hydrogen atom 
when disturbed by energy induced by radio waves under a constant magnetic field 
[13]. It allows for both deep-tissue and whole-body imaging and has gained popu-
larity as a valuable diagnostic tool in cancer imaging [119, 120]. To further enhance 
the contrast between normal tissues and tumor tissues, biocompatible MRI contrast-
ing agents are administered systemically to study changes to the longitudinal and 
transverse (i.e., T1 and T2) relaxation times of hydrogen at the tumor site[121]. The 
principle behind MRI imaging is illustrated in Fig. 5. The T1 contrast agents for 
MRI usually include transitional metal ions like Gd3+ or Mn2+ [121]. They are usu-
ally administered in chelated form to reduce serious side effects [121]. The T2 con-
trast agents for MRI include superparamagnetic iron oxide particles coated with 
dextran [121]. Both types of contrast agents are currently approved for various 
tumor imaging applications, but a majority of clinically used contrast agents are 

Fig. 5 Principle behind MRI contrast agents: The figure outlines the MRI imaging process. 
Briefly, a magnetic field is induced to align randomly oriented protons found in tissue of interest. 
The aligned protons are then perturbed using a RF pulse. The perturbed protons return to their 
original aligned state by releasing a RF signal which is deconvoluted to produce the MRI signal [92]
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Gd3+-based chelates [121]. However, tumor-targeted MRI agents are yet to be 
approved by the FDA. A summary of protein and peptide application in both imag-
ing techniques is summarized in this section.

3.3.1  T1 Contrasting Agents

Gd3+ chelates are inherently small molecules with very low circulation half-lives 
which are of the order of 1–2 h [122]. To improve circulation and tumoral delivery 
of Gd3+ chelates, proteins and peptide like albumin, polylysine, and ProCAs are 
used as both covalent and non-covalent carriers. Approved Gd3+ chelates like 
Multihance® (Gd-BOPTA), Eovist® (Gd (EOB-DTPA)) and Ablavar® (MS-325) 
(Fig. 6) nonspecifically bind albumin, which increases their circulation time and 
passive diffusion into tumors by exploiting the EPR effect [121]. Covalent com-
plexes of albumin and chelators were evaluated as imaging agents as early as 1987. 
Schmiedl et al. conjugated complexed Gd3+-DTPA chelator to free amines on albu-
min and demonstrated enhanced circulation and slow clearance [87]. Due to the 
enhanced circulation of these albumin complexes, they have found use as imaging 
agents for tumor microvessel characterization [123]. Polylysine polymers are FDA- 
approved, biocompatible, and non-immunogenic making them ideal nano-delivery 
systems [124]. Liu et al. targeted polylysine polymers to VEGFR using anti-VEGF 
antibodies using the biotin-avidin conjugation system. The VEGFR-targeted poly-
mers showed a significant enhancement in signal when compared to untargeted 
polymers and also a commercially available contrast agent, Magnevist®. Furthermore, 
targeting VEGFR improved the diagnostic time from <1 h to 2.5 h [125]. The final 
MRI agent carriers are a novel class of protein-based chelators called ProCAs. 
ProCAs do not need the use of small-molecule chelators since they themselves 
serve as chelators through amino acid side chain interactions [126]. ProCAs are eas-
ily modified by getting ligands using recombinant technology [127]. Qiao et  al. 
demonstrated this approach by generating ProCA-HER2 affibody constructs, which 
efficiently targeted HER2 positive tumors in a mouse xenograft model. The ProCA- 
HER2 affibody construct exhibited strong contrast enhancement even after 24  h 
postinjection [127].
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Peptide motifs targeting integrins and the fibrin-fibronectin systems like RGD, 
CGLIIQKNEC (CLT1) and CREKA have successfully been conjugated to Gd3+ 
chelates to enable tumor targeting. Chelates of Gd-DOTA were efficiently targeted 
to αvβ3 integrins via conjugation to the RGD motif. These targeted chelates show 
improved hepatocellular carcinoma contrast by 45% when compared to the untar-
geted chelate in a transgenic mouse model [80]. Fibrin, is ubiquitously present in 
the tumor ECM and is targeted using CLT1 [128] and CREKA [129] peptide 
sequences. These peptides were identified by phage display and specifically bind 
tumor fibrin-fibronectin complexes [128, 129]. The CLT1-(Gd-DTPA) chelate con-
structed by Ye et al. efficiently detected HT-29 human colon carcinoma xenografts 
in a mouse tumor model. The tumor signal increased over time with the highest 
observed 60 min postinjection. The signal obtained was appreciably higher than the 
untargeted and quenched controls [130]. Similarly, the CREKA-Tris-Gd (DOTA) 
chelate made by Zhuo et al. using click chemistry produced a significantly higher 
SNR when compared Prohance™, a commercially approved contrast agent in a 
4  T1 breast tumor model in mice. The SNR for CREKA-Tris-Gd (DOTA) was 
shown to be approximately sevenfold higher when compared to experimental con-
trols [131].

Artemov et  al. evaluated a pretargeting approach for HER2+ve tumors. The 
method combined biotinylated anti-HER2 antibody, trastuzumab (Herceptin®), with 
avidin labeled Gd-DTPA chelates. Mice bearing both HER2  +  ve and HER2-ve 
tumors were first administered with biotinylated HER2 antibodies followed by avi-
din-(Gd-DTPA) chelates. The data showed great retention and contrast at 24 h in the 
HER2+ve tumor, whereas HER2-ve tumor showed a marked decrease in contrast. 
Although novel, this technique suffers due to the short circulation time of the avidin- 
Gd- DTPA chelate [132]. Also in vivo applications of the avidin label can be ham-
pered by its immunogenicity [133].

3.3.2  T2 Contrasting Agents

Unlike T1 contrast agents, T2 contrast agents are larger in size and typically range 
between 60 and 150 nm in size [134]. Ferumoxide® and Ferrixan/Ferucarbotran® 
are examples of commercially approved T2 contrast agents and are typically made 
of superparamagenetic iron oxide particles (SPIO) [134]. In order to improve their 
applicability to a variety of tumors, the coating on SPIOs can be modified to allow 
for labeling by ligands using simple click chemistry. T2 contrast agents modified 
with motifs against integrin αvβ3 [79], vascular cell adhesion molecule-1 (VCAM-1) 
[135], and transferrin [136] have shown promise. Unfortunately, their uptake by the 
reticuloendothelial (RES)  system in the liver reduces their application in tumor 
imaging [137]. However, due to their proclivity for accumulation in the liver and 
lymph nodes, T2 contrast agents have found use in the detection of liver and splenic 
tumors [137].
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3.4  Single-Photon Emission Computed Tomography (SPECT) 
and Positron Emission Tomography (PET)

SPECT and PET are imaging techniques which utilize systemically administered 
radionuclides as imaging agents. SPECT tracers agents decay by releasing photons 
via gamma rays. PET tracers decay by positron emission which further undergoes 
an annihilation event with electrons, yielding photons emitted in opposite directions 
[138]. SPECT instruments detects emitted photons screened through a lead collima-
tor, leading to lower picture resolution. PET instruments on the other hand use coin-
cidence detection which allows for simultaneous detection of two photons which 
are 180° apart in trajectory [96]. This difference makes PET a more sensitive imag-
ing technique than SPECT (Fig.  7) [138]. However, SPECT imaging is widely 
adopted over PET due to relatively wider clinical acceptance and cheaper instru-
mentation. Both techniques use a wide array of radioisotopes with varying half- 
lives. Examples of radioisotopes used in SPECT imaging are technetium Tc-99 m, 
indium In-111, iodine I-123, and iodine I-131 [138]. Examples of radioisotopes 
used in PET imaging include fluorine F-18, copper Cu-64, and iodine I-124 [138]. 
The radionuclides are chosen based on imaging application and the length of study. 
However, due to the ionizing nature of the radionuclides, agents with relatively 
short half-lives are preferred for imaging purposes [139].

Due to vast clinical adoption of SPECT and PET imaging and an equally exhaus-
tive list of available literature, this section will focus on highlighting approved and 
clinically relevant SPECT and PET imaging products using proteins and peptides.

3.4.1  SPECT Imaging Agents

SPECT tracers are small chelated molecules with poor circulation times and non-
specific tissue accumulation [140]. To improve circulation and tumoral accumula-
tion, SPECT imaging agents are directly conjugated to proteins and peptides, which 
serve as both carriers and targeting agents. These approaches have yielded a wide 
range of commercially approved targeted SPECT tracers [138]. Proteins like albu-
min have been approved as carriers for SPECT imaging. Nanocoll™ is technetium 
Tc-99 m-labeled colloid human serum albumin (HSA) developed to detect sentinel 
node localization in breast cancers [141]. The sentinel node is hypothesized to be 
the primary site for lymphatic metastasis and making Nanocoll™ an invaluable tool 
for clinicians [142]. Nanocoll™ is prepared by addition of sodium pertechnetate 
(technetium Tc-99 m) to lyophilized albumin particles which are <80 nm in size. 
The radiolabeled albumin complex can be administered intravenously or subcutane-
ously [142]. Megatope® is another HSA preparation where the HSA is iodinated 
(iodine I-131). Although used manly as blood pool imaging agent, it is indicated for 
use in the detection and characterization of cerebral neoplasms [86].

Similar to HSA, peptide- and antibody-based SPECT imaging agents have been 
approved for clinical use. An FDA approved peptide-based SPECT imaging agent is 
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Fig. 7 Differences between SPECT and PET imaging: The mechanism on the left depicts a 
SPECT tracers decaying by emitting a photon as gamma rays. The gamma rays are filtered through 
the lead collimator to reach the radiation detector. The mechanism on the right depicts a PET tracer 
decaying by emitting a positron. The positron undergoes an annihilation event by colliding with 
electrons present in tissue of interest to release two photons. The released photos are in trajectories 
which are 180° apart. All PET agents produce photons with an energy of 511 KeV

Octreoscan™. Octreoscan™ is DTPA labeled octreotide, a synthetic somatostatin 
analog, which is chelated to indium In-111 before systemic administration into 
patients [143]. Octreotide specifically targets primary and metastatic neuroendo-
crine tumors bearing somatostatin receptors [143]. Zevalin®, ibritumomab tiuxetan, 
is the first approved radiotherapy drug for NHL.  Ibritumomab is a mouse IgG1 
antibody that targets CD20 receptor on B cells. The antibody is conjugated to tiux-
etan which serves as a radionuclide chelator. The radionuclide used in Zevalin® is 
switched between indium In-111 and yttrium Y-90 depending on its clinical applica-
tion. Indium In-111 is used for imaging purposes, whereas yttrium Y-90 is used for 
radiation therapy [144]. Protascint®, capromab pendetide, is another imaging 
approved for imaging of prostate tumors. Capromab is a mouse IgG1 antibody 
against PSMA which is highly expressed in prostate cancers. The antibody is con-
jugated to pendetide which is the chelator for indium In-111 [145]. However, the 
application of Protascint® and Zevalin® as imaging agents is vastly reduced due to 
formation of human anti-mouse antibodies which causing rapid clearance of these 
agents when administered clinically [146]. Hence, a lot of clinically approved  human/
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humanized antibody treatments are also being adapted for use in SPECT imaging. 
Anti-HER2 antibodies like trastuzumab (Herceptin®) and pertuzumab (Perjeta®) are 
being investigated clinically as imaging agents using a variety of chelators and 
radionuclides [147]. Similarly, different targeting modalities like peptides [148, 
149], affibodies [150], and Fabs [151, 152] are also being evaluated against the 
HER2 receptor. Similarly, PD1/PD-L1 antibodies like nivolumab (Opdivo®) and 
atezolizumab (Tecentriq®) have been applied for monitor changes in colorectal car-
cinomas [153] and studying metastasis [154]. Imaging agents have also been 
designed to bind validated tumor targets like integrins [155–157] and VEGFR 
[158, 159].

3.4.2  PET Imaging Agents

PET imaging agents are also small molecules and encounter the same pitfalls as 
SPECT imaging agents. The mostly widely used PET imaging agent is 18F-fluoro-2- 
deoxy-D-glucose (FDG) [62], which is selectively taken up by rapidly dividing can-
cer cells. However, tumoral uptake of FDG is dependent on cell-specific expression 
of GLUT receptors which is further impacted by several tumorigenic factors [63]. 
Furthermore, the small tracer size leads to short circulation times and fast clear-
ance [160].

Compared to SPECT imaging agents, there are fewer clinically approved PET 
agents which use proteins or peptides. There have been only two approved targeted 
PET imaging agents, with both targeting PSMA. Gallium Ga-68-PSMA-11 is the 
first targeted PET agent indicated for imaging of prostate cancer [161]. It is designed 
to target PSMA surface receptors on prostate cancer cells [161]. The Ga-68 is che-
lated to the HBED chelator conjugated to the PSMA-targeting peptidomimetic, 
PSMA-11 [161]. Similarly, piflufolastat fluorine F-18 (Pylarify®) was developed to 
target PSMA using a similar peptidomimetic moiety to PSMA-11. But, piflufolastat 
fluorine F-18 does not contain a chelator since fluorine F-18 is chemically conju-
gated to the unlabeled piflufolastat precursor [162].

Similar to SPECT imaging, several approved antibodies are being tested as car-
riers for several PET imaging agents. Copper Cu-64-labeled trastuzumab 
(Herceptin®), an anti-HER2 antibody, has shown promise in detecting HER2 + ve 
tumors in breast cancer patients. The antibody conjugate showed low off-target 
accumulation and high tumor contrast at 48 h postinjection, which is an improve-
ment over the zirconium Zr-89 labeled trastuzumab time of 5  days [85, 163]. 
Similarly, different targeting motifs like affibodies [164] and ADAPTs [165] are 
being evaluated for PET imaging against the HER2 receptor. Similarly, zirconium- 
labeled atezolizumab (Tecentriq®), an anti PD-L1 antibody, can potentially be used 
to predict response prior to treatment by accurately quantifying PD-L1 expression 
levels [166].
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3.5  Optical Imaging

Optical imaging detects emitted light from systemically administered fluorescent 
probes. It is a safe technique due to the use of nonionizing radiation [30]. It is also 
an affordable technique due to the use of inexpensive equipment [96]. The fluores-
cent probes used are easy to handle and possess a safe toxicological profile [30]. 
This technique mainly uses the  near infrared (NIR) spectral range from 650 to 
900 nm, which has good tissue penetration and reduced absorption [30]. In spite of 
NIR’s favorable imaging properties, the sensitivity of this technique is reduced for 
deep-seated tumors, due to increased scattering of light and tissue absorption [167].

Due to the huge library of fluorescent labels, optical imaging can be performed 
over a wide spectral range. Fluorescein isothiocyanate (FITC), 5-aminolevulinic 
acid (5-ALA), and indocyanine green (ICG, IC-GREEN®) are nonspecific fluores-
cent probes currently approved by the FDA for optical imaging. The use of FITC 
and 5-ALA is limited due to photobleaching, high background from blood and tis-
sues, and nonspecific tissue uptake [30]. However, ICG nonspecifically binds albu-
min upon systemic administration, leading to passive diffusion into tumors through 
the EPR effect. This has led to ICG being used as a surgical guide in cancer surgery 
[30]. Another advantage of ICG is that its peak emission wavelength is near 800 nm, 
which helps overcome hemoglobin absorption and tissue interference [30].

In optical imaging, proteins and peptides are used as targeted carriers as well as 
target recognition motifs. Many fluorescent labels are covalently linked to the 
protein/peptide carrier using simple chemistry. This approach has widely been used 
to target validated tumor markers like EGFR, HER2, and VEGF through various 
targeting motifs like antibodies and natural ligands. For example, EGFR was tar-
geted using antibodies and the EGF ligand. Fluorescently (IRDye800CW) labeled 
cetuximab (Erbitux®), an anti-EGFR antibody, has shown promise in several tumor 
xenograft models and is now being evaluated as an imaging agent in several clinical 
trials [168–170]. Nitin et al. utilized Alexa Fluor® 647-labeled EGF to image epithe-
lial tumors with overexpressed EGFR in patients [171]. However, using a natural 
ligand for imaging must be performed with care due to the receptor activation caus-
ing downstream signaling [82]. Similarly, HER2 and VEGF were targeted using 
fluorescently labeled trastuzumab (Herceptin®) [172] and bevacizumab (Avastin®) 
[173]. Fluorescent probes have also been chemically conjugated to peptide 
sequences like RGD [81] and SNFYMPL [174] to target integrin αvβ3 and OE33 
adenocarcinoma cells, respectively.

Apart from small-molecule fluorescent probes, proteins and peptides have been 
used as targeting motifs for fluorescent nanocarriers like quantum dots (QD) and 
fluorophore-encapsulated liposomes. QDs are nanoparticles with unique optical 
properties which can be used as alternatives to existing small-molecule fluorophores 
[175]. Their optical properties can be tailored to generate spectra in the NIR range 
[175]. QDs by themselves passively diffuse into tumor by the EPR effect and can 
easily be surface functionalized with target motifs [175]. These unique probes have 
already been applied to imaging approaches where the QDs improved and enhanced 
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tumor contrast via anti-PSMA antibody [176] and RGD peptide [177] targeting 
approaches. Similarly, RGD [178] and anti-endoglin scFv [179] tagged fluorescent 
liposomes demonstrated tumor-specificity in vitro and in vivo.

4  Conclusion

In summary, proteins and peptides offer clinicians and researchers a “plug and play” 
format which allows easy adaptation of targeting approaches to a variety of imaging 
modalities. They demonstrate tremendous versatility as both carriers and targeting 
agents. Products like Bexxar®, Verluma®, Zevalin® and Protascint®, have been 
widely used in the clinic for various  tumor imaging purposes. With advances in 
recombinant technology and sequence humanization, many non-immunogenic pro-
teins and peptides are currently being explored to develop the next generation of 
imaging agents. However, it must be highlighted that the applicability of protein and 
peptide as targeting motifs can be limited by heterogeneity in target expression as 
well as heterogeneity in the tumor microenvironment. These issues can be over-
come by developing multifunctional imaging agents which can be tracked and 
imaged using two independent imaging modalities.
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Therapeutic Uses of TheraCour™ 
Polymeric Nanomicelles Against Cancer, 
Infectious Diseases, and More

Anil Diwan, Jayant Tatake, and Ashok Chakraborty

1  Introduction

Recent advances in nanotechnology and biotechnology have contributed to the 
development of engineered nanoscale materials as innovative prototypes to be used 
for biomedical applications and optimized therapy. Due to their unique features, 
including a large surface area, structural properties, and a long circulation time in 
blood compared with small molecules, a plethora of nanomaterials has been devel-
oped, with the potential to revolutionize the diagnosis and treatment of several dis-
eases, in particular, by improving the sensitivity and recognition ability of imaging 
contrast agents and/or by selectively directing bioactive agents to biological targets.

Typically, cancer therapies involve the systemic or oral administration of drugs 
into the body, both of which routes can damage healthy tissues by significant off- 
target accumulation and thereby generate serious side effects. Further, the off-target 
accumulation limits the dosage that can be administered. To overcome these limita-
tions, various targeting strategies are being investigated.
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An extensively investigated polymer is poly(lactic-co-glycolic acid) (PLGA), a 
synthetic thermoplastic aliphatic biocompatible polyester. There are specific formu-
lations based on PLGA and its related homopolymers, poly(lactic acid) (PLA) and 
poly(glycolic acid) (PGA), which are considered safe, and a few biodegradable 
polymer products have been approved by the US Food and Drug Administration 
(FDA) as well as by the European Medicines Agency (EMA) for pharmaceutical 
application [1]. Generally, PLA, PGA, or PLGA polymers in different forms and 
shapes are used for creating “nanocapsules” of chemotherapeutics (i.e., essentially 
solid-form drug depots at nanoscale) which is akin to using hand grenades (nano-
capsules) in place of bullets (the small chemical drug as is). While they provide 
protection from stomach acid, enabling drug delivery further downstream in the 
gastrointestinal tract, they generally lack the specificity of receptor targeting, and if 
not properly formulated, can even increase the risk of localized side effects (just as 
hand grenades cause stronger collateral damage compared to bullets) [2].

2  Addressed Targeting

Targeting of specific overexpressed receptors by an enveloping nanostructure for 
the purpose of delivering a cargo of chemotherapeutics into cancer cells can reduce 
the risk of off-target effects. Nanostructures most used for accomplishing this effect 
have been liposomes, lipid nanoparticles, and their pegylated versions, dendrimers, 
and others, although certain classes of polymeric micelles may offer unique advan-
tages as discussed further below. This is referred to as address-based targeting to 
distinguish it from specific enzyme inhibitors that have been generally described as 
targeted therapy in the cancer field (e.g., kinase inhibitors, PARP inhibitors, DNA 
methylation and histone acetylation modifiers, etc.).

Addressed targeting can be accomplished using antibodies, natural ligands, natu-
ral ligand mimetics, specific peptides, as well as small chemical ligands often 
derived from structure-based drug design.

2.1  Addressed Targeting by Monoclonal Antibodies

• Monoclonal antibodies have for several years been the preferred class of target-
ing ligands, primarily because of the ease of obtaining and optimizing them 
using medium- to high-throughput screening. Once an effective antibody is 
found, molecularly engineered monoclonal antibodies can be derived, preferably 
those capable of evading the clearance immune system, and have been widely 
used in the development of targeted nanoparticles.

• PEGylation (covalent attachment of PEG chains, typically methoxy-PEG, 
mPEG) has been used to minimize reticuloendothelial clearance extending the 
half-life as well as minimizing immunogenicity and allergenicity. It has been 
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found that antibodies to mPEG can be generated in patients, limiting usefulness. 
It was also found that native PEG or hydroxyl-PEG is not immunogenic or sub-
stantially less immunogenic than mPEG [3]. The current development of mono-
clonal antibodies has led to chimeric and humanized derivatives to enable 
modulation of their immunogenicity. Specific sequence engineering has become 
possible with advances in molecular bioengineering technology.

• Specifically, a change in the Fc region that enables superior adsorption onto Fc- 
R- bearing cells has been found to increase the half-life of antibodies substan-
tially, enabling infrequent dosing (monthly or even less) in some diseases such as 
for modulating human immune response [4]. As an example, sotrovimab, an 
antibody against the S-antigen of the SARS-CoV-2 virus, was engineered using 
this modification to enable a long half-life [5].

The ability of engineered monoclonal antibodies to target and interfere with cel-
lular processes has been demonstrated by the success of several monoclonal anti-
body therapeutics [6, 7]. For example, antibodies such as rituximab or trastuzumab 
conjugated to PLA nanoparticles show a significant increase in the rate of particle 
uptake compared with their non-targeted counterparts [8].

However, despite the intense efforts undertaken for their development, monoclo-
nal antibodies still have a number of limitations. Their large size puts limits on the 
maximum amount of cargo and minimum amount of the nanostructure, except in 
the case of radio-isotopically tagged antibodies. The overall structure imposes dif-
ficulty in managing nanoparticle scale-up and manufacturing. Their potentially 
immunogenic characteristics, resulting in rapid nanoparticle clearance, require 
extensive optimization through molecular engineering technologies. Due to these 
problems in using monoclonal antibodies, there is increasing interest in engineering 
and using antibody fragments as targeting molecules to retain the high antigen- 
binding specificity of the parent antibodies, but with reduced immunogenicity and a 
smaller size improving molecular targeting. These approaches include the Fab frag-
ments, single-chain variable fragments (scFv), mini bodies, diabodies, and nano-
bodies [9, 10].

2.2  Addressed Targeting by Aptamers and Dendrimers

Aptamers are small, single-stranded RNA or DNA sequences of oligonucleotides 
that can be designed as ligands capable of binding to targets with high sensitivity 
and specificity [11, 12]. They are small in size (usually approximately 15 kDa), and 
have less immunogenicity with respect to monoclonal antibodies or other macro-
molecules, leading to better stability and biodistribution [13, 14].

Such biomolecules fold by intramolecular interactions into unique three- 
dimensional conformations and topologies, thereby presenting the ligand-binding 
characteristics needed for efficient target (receptor/antigen) affinity. Selective 
aptamers, with binding affinity toward a specific target, are currently being 
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identified by an in vitro chemical process known as “systemic evolution of ligands 
by exponential enrichment” (SELEX) [15]. In this process, which is proposed to be 
scalable at a relatively low cost, a library of ten random oligonucleotides is enriched 
in order to identify the prototype with the highest affinity and specificity.

Using this technology, Langer and Farokhzad designed and developed custom-
ized controlled-release nanoparticles loaded with docetaxel and having tumor- 
targeting capability toward prostate-specific membrane antigen (PSMA) [16–20]. 
Targeted nanoparticles have been obtained by decorating their shell surface with 
RNA A10-aptamer to bind PSMA [21–23], a clinically validated tumor marker that 
is not only overexpressed on the surface of prostate cancers but also on the neovas-
culature of many solid tumors. This approach constituted the proof of principle for 
the development of the first targeted polymeric nanoformulation, BIND-014, which 
had a PLGA hydrophobic core nanocapsule holding docetaxel, with mPEG hydro-
philic surface tails, and a dipeptide targeting PSMA instead of the aptamer. It failed 
in clinical trials, after showing some success in early clinical trials. Other similarly 
designed drugs, called “Accurins,” by BIND Therapeutics also did not meet antici-
pated milestones. These failures led to a bankruptcy filing by BIND and its subse-
quent acquisition by Pfizer in 2016. It would be important to learn from such 
failures, as what was the root cause, whether specificity, immunogenicity, insuffi-
cient drug content, manufacturing difficulties, clinical trial designs, other issues, or 
a combination of issues resulted in the failure of the hypothesis. However, we have 
not been able to find such an analysis.

Dendrimers  are another class of polymers that have been applied to nanomedi-
cine. They are versatile and biocompatible macromolecules that are characterized 
by a three-dimensional branch structure [24, 25]. Their multiple functional groups 
on the surface enhance the capability of loading and delivering therapeutic agents. 
Starpharma has developed some dendrimer-based antiviral drugs that are in use in 
condoms for the prevention of HIV transmission [26]. In general, dendrimers, while 
reasonably simple and scalable for manufacturing, have not resulted in many 
approved drug products. This can be traced to their inherent immunogenicity. 
Several approaches have been tried for reducing their immunogenicity, generally 
involving imitation of the secondary amines, but the tertiary amines and potentially 
some quaternary amines as well as entrapped surfactants resulting from the chemis-
try and manufacture remain problematic leading to rapid clearance and immunoge-
nicity issues.

2.3  Addressed Targeting by Proteins and Peptide-Based 
Targeting Molecules

Several endogenous proteins capable of selectively binding to specific receptors on 
membrane cells can be used for targeting purposes via receptor-mediated endocyto-
sis [27]. For example, transferrin, an iron-transporting protein that binds specifically 
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to transferrin receptors (TfR) located on the cell surface and overexpressed in many 
cancers, has been used to transport nanoparticles into different types of cells [27, 
28]. However, their effectiveness for targeting purposes may be limited by their 
immunogenicity and susceptibility to early clearance.

• The target receptors for these proteins are also commonly expressed on various 
types of non-targeted cells, which can lead to unwanted off-target effects.

• Peptide-based ligands are emerging as attractive alternative targeting molecules 
due to their small size, engineered high stability, and relatively low immunoge-
nicity as compared with corresponding proteins.

• Identification of specific targeting peptide ligands has usually derived from pre-
viously or newly focused peptide phage/bacterial/plasmid peptide display librar-
ies, as well as the use of newer and easier screening technologies [29].

2.4  Addressed Targeting by Small Molecules

Like monoclonal antibodies and aptamers, peptides can be designed to bind specifi-
cally to several molecular targets with a high degree of affinity, and provide ease of 
manufacture by covalent conjugation to polymers, lipids, and various nanoparticle 
surfaces [30, 31].

Small molecules, usually defined as low molecular weight organic molecules 
with a molecular weight of 200–800 Da, constitute a promising class of targeting 
molecules because of their small size, high stability, chemical management, and low 
production cost [32–34].

Some further advantages of small molecules as targeting ligands include:

• Availability of suitable facile coupling chemical methods for their conjugation
• The possibility to modulate ligand densities and charge on nanoparticle surfaces, 

since these parameters can affect stability, size, and morphology, as well as tar-
geting efficiency

• Availability of a wide range of targeting ligands with variable physicochemical 
properties and a variety of functional groups

• Fewer immunogenic effects in vivo
• Reproducibility, scalability, and economical manufacturing

Among the large number of small molecules identified as potential targeting 
ligands, folic acid has been one of the most extensively studied and used ligands in 
targeted drug delivery [34, 35]. Due to its high affinity for folate receptors, which 
are overexpressed in many types of tumor cells, the vitamin folate has also been 
used to deliver drug conjugates and many drug delivery systems (i.e., liposomes, 
polymeric nanoparticles, dendrimers) to selectively accumulate drugs into cancer 
cells via folate receptor-mediated endocytosis [36].

Pomper et  al. have previously identified small hydrophilic molecules from a 
series of urea-based PSMA inhibitors as novel diagnostic agents capable of 
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targeting the PSMA receptor in prostate cancer cells with affinity and specificity 
similar to that of antibodies and aptamers [37–39].

Interestingly, a small molecule belonging to this class of molecules, i.e., the 
pseudomimetic dipeptide 2-{[(5-amino-1-carboxypentyl)carbamoyl]amino}pen-
tanedioic acid [32], already used by Sechi et al. for development of (−)-epigallocat-
echin-3-gallate-loaded PSMA-targeted nanoparticles [40] and by Chandran et  al. 
for preparation of docetaxel-PLA/PCL-based targeted nanoparticles was also used 
as a targeting ligand in the development of BIND-014 discussed earlier [41, 42].

Concerning other small molecules that could be used as targeting ligands, carbo-
hydrates, i.e., sugar-based compounds, have also gained attention due to their low 
molecular weight, high availability and biocompatibility, and ease of production 
due to advances in carbohydrate chemistry. Several of these carbohydrate ligands 
target membrane carbohydrate-binding proteins (membrane lectins) that are differ-
entially expressed on the cellular and intracellular membranes, and some carbohy-
drates, such as mannose, glucose, galactose, and their derivatives, have been 
considered as potential ligands for carriers in cell-selective drug delivery [43, 44]. 
The efforts toward clinical translation of the above-described technologies have 
ushered in a new era in the development of innovative therapeutic nanoparticles that 
are capable of targeting and controlled release, also considering the possibility of 
co-delivery of multiple active agents.

3  Clinical Development of Nanovehicles 
for Address-Targeted Therapies

To date, only three address-targeted liposomes and four targeted polymeric nanopar-
ticles appear to have progressed in clinical development. The prototype that reach 
clinical trials was MCC-465, a new generation of liposome-encapsulated doxorubi-
cin with a surface covered by both PEG and antigen-binding fragments [F(ab')2] to 
confer immune shielding and targeting, respectively, which is used in the treatment 
of human stomach cancer [45].

Another site-directed liposome is SGT53-01, a TfR-functionalized nanoformula-
tion containing a chain antibody fragment (TfRscFv) as the targeting ligand. It has 
been designed to carry the p53 tumor suppressor gene to cancer cells and is cur-
rently undergoing Phase I clinical trials in combination with doxorubicin for the 
treatment of solid tumors [46, 47].
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3.1  Liposomes and Polymeric Drug-Releasing 
Nanoformulations in Clinical Development

Despite the progress made in the clinical development of liposome-based nanocar-
riers, there are several issues that limit their wider consideration as a main drug 
delivery platform, including the difficulty in modulating their drug release in vivo, 
the limited amount of drug that can be loaded, possible oxidation of liposomal phos-
pholipids, and the inherent instability of liposomes.

In contrast, polymeric nanocarriers demonstrate superior stability in  vivo as 
compared to liposomes, provide a high drug-loading capacity, and enable both con-
trolled and triggered release of drugs. Therefore, polymer-based nanomaterials have 
the potential to provide solutions for a range of problems in nanomedicine [32, 33, 
48–50]. The way forward for the clinical translation of controlled-release polymeric 
nanoparticles was paved by the seminal work of Langer and Folkman in 1976 [51], 
which demonstrated the controlled release of macromolecules from biodegradable 
polymers in a temporal manner. Moreover, a landmark paper by Langer et al. in 
1994 provided further evidence that di-block copolymers of biocompatible poly-
mers with PEG can dramatically increase the controlled release and circulation half- 
life of polymeric nanoparticles [52].

In the field of breast and prostate cancer, the application of liposomes has been 
increasingly common [53–55]. Multiple paclitaxel liposomes have been demon-
strated to have higher antitumor efficiency and improved bioavailability compared 
to free paclitaxel [56]. Liposomal doxorubicin has been proven to reduce cardiotox-
icity and has comparable efficacy in breast cancer [57, 58]. Doxil, a pegylated form 
of liposomal doxorubicin, was the first such drug approved for cancer treatment, 
leading to an explosion of research and development in this field. Furthermore, 
liposome-based nanosystems have also offered an option for delivering drug com-
binations, which can enhance the therapeutic effect [59, 60], and even reverse the 
drug resistance [61]. Nowadays, many liposome-based drugs have entered into 
clinical use for cancer treatment [62].

Polymer-based nanoparticles (NPs) are another type of NP with specific struc-
tural arrangements for drug delivery formed by different monomers [63]. All poly-
meric nanopharmaceuticals benefit from the “enhanced permeability and retention 
(EPR)” effect. Briefly, as tumors grow, new blood vessels are formed to provide 
oxygen and nutrients to the growing tumor (neo-angiogenesis) that are more porous 
than normal blood vessels and allow cross-passage by large polymeric nanopharma-
ceuticals from the blood into the tumor space. The polymeric nanoparticles can be 
designed to be small enough to enter the cancer cell, but are too large to then be 
shuttled out by the tumor cell’s transport pumps. They can then disintegrate over 
time while dynamically releasing the active drug payload within the tumor cell.

Research on nanotechnology and paclitaxel (PTX) nanoformulations has 
enhanced the medical outcome of chemotherapy and cancer [64]. Paclitaxel is a 
highly effective anti-tubulin chemotherapeutic agent, which is widely employed for 
the treatment of numerous malignancies. Nanomedicine forms of PTX have been 
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developed both by compounding PTX into polymers and by conjugation to poly-
mers. The objective is to improve bioavailability and reduce the incidence of adverse 
effects. Many natural and synthetic polymers have been used for PTX nanoencap-
sulation, including PLGA NPs, PLA NPs, chitosan NPs, and polymeric micelles 
[64]. The in vivo tumor inhibitory activity of paclitaxel-loaded PLGA nanoparticles 
was markedly better in transplanted liver tumors [65]. In the live small animals, 
laser confocal scanning microscopy and fluorescence imaging showed the location 
of the fluorescence-labeled paclitaxel-A10-3.2-PLGA and nanobubbles.

Opaxio (Paclitaxel polyglumex, Xyotax, CT-2103, Cell Therapeutics) is a cova-
lent conjugate of PTX to poly-L-glutamic acid that has gone through multiple clini-
cal trials for the treatment of a variety of cancers including prostate, breast, ovarian, 
colorectal, and lung cancers [66]. The drug was shown to concentrate at tumor sites 
due to the EPR effect. In clinical trials, it failed to meet the primary endpoint of 
improved survival, although side effects were significantly reduced compared to the 
standard control arm therapy models. Its development appears to have been stopped.

Focusing on one of the first clinically tested targeted nanomedicines, a major 
effort went into the development of BIND-014 [42], a new docetaxel formulation 
developed by a team led by Langer and Farokhzad at the Massachusetts Institute of 
Technology, Harvard Medical School, and BIND Therapeutics, as a programmable 
nanomedicine that entered Phase II clinical testing for the treatment of patients with 
solid tumors (approved for breast cancer, head and neck cancer, and gastric cancer).

With regard to targeted polymeric nanoformulations, CALAA-01 was the first 
nanotherapeutic to reach clinical development for siRNA delivery in 2008 [67]. 
This nanosystem consists of TfR-targeted cyclodextrin-based PEGylated nanopar-
ticles containing siRNA, and is capable of reducing the expression of the M2 sub-
unit of ribonucleotide reductase. The safety of CALAA-01 was evaluated in Phase 
I clinical trial by intravenous administration to adults with solid tumors refractory 
to standard of care therapies [68].

Several systems to provide address-targeted therapy of this type have been 
designed and have undergone testing. Micelles and liposomes offer another option 
for the delivery of chemotherapeutic agents. Micelles, in particular, provide an 
important tool to make aqueous-insoluble drugs soluble due to their hydrophobic 
core and hydrophilic shell. If the micelle’s surface is further PEGylated, it increases 
the ability of the nanocarriers to get through the fenestrated vasculature of tumors 
and inflamed tissue through passive transport, thus resulting in higher drug concen-
tration in tumors. As of now, several polymeric micelles containing anticancer 
drugs, NK012, NK105, NK911, NC-6004, and SP1049C are in clinical trials [69], 
and one such system, Genexol-PM (paclitaxel), is approved for breast cancer 
patients [70].
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3.2  Preclinical and Clinical Investigations of Nanoparticles

• Taxanes, paclitaxel, and docetaxel are cornerstones in the treatment of breast 
cancer and several other solid tumors [71–74]. They are highly potent anticancer 
drugs [75], but because of their low aqueous solubility, they require special for-
mulations to enable parenteral administration.

• Abraxane (ABI-007) is a cremophor-free nanoparticulate albumin-bound pacli-
taxel (nab-paclitaxel), which was developed by VivoRx-Abraxis Bioscience, 
later acquired by Celgene, using Celgene’s proprietary nanoparticle albumin- 
bound (nab) technology platform. Abraxane combines paclitaxel with a naturally 
occurring human albumin protein and exploits endogenous albumin transport 
pathways, resulting in enhanced transport across endothelial cells. The trans-
cytosis of nab-paclitaxel is facilitated by its binding to the gp60 receptor and 
caveolar transport. In the interstitium, nab-paclitaxel binds to the secreted pro-
tein acidic and rich in cysteine (SPARC), which is overexpressed in the majority 
of solid tumors, thus achieving enhanced drug targeting and penetration 
in tumors.

Abraxane delivers 49% more paclitaxel to tumors as compared to solvent-based 
paclitaxel formulations (Taxol, Cremophore™-Ethanol formulation of Paclitaxel, 
Bristol-Myers-Squibb) and eliminates solvent-mediated toxicities, such as hyper-
sensitivity reactions [76]. Abraxane has been approved in 41 countries, including 
the USA, Canada, the European Union, and Japan as a first-line treatment for meta-
static breast cancer.

• BIND-014 is a PEGylated polylactic acid nanoparticle-containing docetaxel con-
jugated with a small-molecule targeting prostate-specific membrane antigen 
(PSMA) for prostate cancer. This preparation allows the gradual release of 
docetaxel upon degradation of the polylactic acid, and the presence of surface 
PEG enables its escape from the host’s immune response, while the PSMA 
ligand restricts the cytotoxic effect to PSMA-expressing cells [21, 77]. Preclinical 
studies showed pharmacokinetic properties of BIND-014 that were markedly 
different from those of standard solvent-based docetaxel. It exhibited a higher 
peak concentration (Cmax), a greater area under the curve (AUC), and a lower 
volume of distribution and clearance, indicating that BIND-014 is retained in the 
plasma compartment and releases docetaxel at a slow and controlled rate [78]. 
Administration of BIND-014 to animals bearing tumor xenografts was found to 
result in higher intra-tumoral docetaxel concentrations and increased antitumor 
activity as compared to free docetaxel [78]. In Phase I clinical studies, BIND-014 
was reported to be well- tolerated as compared to conventional docetaxel (Von 
Hoff et al., 2016), which led to a Phase II study called iNSITE 1 (investigation of 
Sacroiliac Fusion Treatment) in patients with metastatic castration-resistant 
prostate cancer [79]. In this Phase II study, BIND-014 demonstrated a 52.5% 
6-week disease control rate for the intention-to-treat population and 70% in the 
per-protocol population, which marginally exceeded the trial target rate of 
65% [80].
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However, a second study (iNSITE 2) in patients with cervical and head and neck 
cancers reported poor performance of BIND-014 in reaching study goals. Based on 
these results and the lack of resources to develop and further test this technology, 
clinical trials were aborted and BIND Therapeutics filed for bankruptcy in 2016.

• Livatag® is a nanoparticulate doxorubicin formulation developed by Onxeo 
(Paris, France). The drug is encapsulated within 100–200 nm nanoparticles com-
posed of polyalkylcyanoacrylate, cyclodextrin, and poloxamer (doxorubicin 
Transdrug), and these were presented as ultra-dispersed colloidal systems for the 
treatment of primary liver cancer. The success of Livatag depended on its effi-
cacy to treat cancer cells that had become resistant to chemotherapy, with an 
assumption that the nanoparticle formulation would prevent the rejection of 
doxorubicin out of the cell. Although doxorubicin is commonly used for the 
intrahepatic arterial delivery of chemotherapy for hepatocellular carcinoma [81], 
free doxorubicin is associated with high morbidity, and its efficacy in tumor 
regression and overall survival is poor [82]. Initial studies with Livatag showed 
that it generated a 12-fold increase in drug exposure within the hepatic tumor 
tissue as compared to free doxorubicin, without increasing the drug’s exposure 
in the heart or other vital organs [83]. Nanoparticles were taken up by the liver 
after only a few minutes, and this approach appeared to avoid the drug resistance 
mediated by the rapid efflux of free drug [83]. However, Livatag’s clinical trial 
showed frequent and severe adverse pulmonary events; at the same time, its effi-
cacy was in the same range as that achieved by other existing drugs. Moreover, 
the trial found no dose-dependent differences between the two Livatag arms, and 
it failed to meet the primary endpoint in a Phase III trial in adult patients with 
unresectable hepatocellular carcinoma. Based on these observations, further 
development of Livatag was stopped [84].

Cerulean acquired the intellectual property assets of Insert Therapeutics, which 
had developed a unique nano-drug delivery platform that can deliver drugs that 
target tumors by taking advantage of the abnormally large pores associated with 
tumor blood vessels (the EPR effect). Cerulean’s lead product candidate was 
CRLX101 (formerly known as IT-101). IT-101 is a linear polymer of a monomer 
unit comprising cyclodextrin pendants attached to PEG, with the cancer drug pay-
load camptothecin covalently attached to the polymer. Cerulean also had another 
drug candidate, in which docetaxel was the anticancer payload in the same nanocar-
rier system. Cerulean also developed an RNA delivery program that has produced a 
variety of RNA-containing nanopharmaceuticals that have shown strong potential 
in addressing some of the challenges associated with RNA administration. CRLX101 
failed to meet the primary endpoint in multiple anticancer clinical trials and per-
formed worse than the standard of care control arms. Its development was stopped, 
with Cerulean serving as a shell vehicle for Dare Bio to become a publicly traded 
company. Companies such as RNAi drug developer [Dicerna Pharmaceuticals] have 
developed their own nanoparticle delivery systems.

There have been a consistently far greater number of failures than successes in 
anticancer drug development based on various hypotheses for designing 
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nanomedicine systems. The reasons for this are many. Firstly, cancer is a heteroge-
neous disease with multiple causes, multiple effectors, and multiple presentations 
that enables generating a large number of therapeutic hypotheses from a scientific 
perspective. Secondly, animal models of cancer are extremely limited in their utility 
for predicting human clinical results. Thirdly, the plethora of design options pre-
sented by nanomedicine approaches does not by itself enable optimal choice of 
design options. Further, the manufacturing and characterization of such complex 
nanomedicine systems is a daunting challenge. Finally, clinical trial design in the 
cancer space to obtain meaningful results is as yet an art rather than science, no mat-
ter how scientifically we attempt to speak of it.

Thus, the development of effective nanomedicines and fulfillment of the promise 
of nanomedicines is going to require efforts in many dimensions that are just being 
peeked into at present. With abundant failures and few successes, it would be help-
ful if a comparative study of multiple approaches along with a number of dimen-
sions  – design, manufacture, quality control, hypothesis validity, preclinical 
development, safety/toxicology, PK/PD, clinical trials designs, and finally clinical 
vs. preclinical results – can be made. However, consistent datasets for performing 
such reviews are currently not feasible. Part of the reason is that publication is gen-
erally made of successful results; failures go into press releases but are not critically 
dissected in scientific literature. Another part is that often clinical failure leads to the 
failure of the sponsor company, leaving no competent scientists to do such “post-
mortem” work for presenting the results. An important part is that confidentiality of 
such information becomes critical from legal and intellectual property perspectives. 
Thus, there are many barriers to learning from both failures and successes of 
nanomedicines.

We took a different track and approached the nanomedicine design problem not 
from the perspective of what material is available but what material needs to be 
there for successful design, manufacture, quality control, safety/toxicology, and PK/
PD considerations, resulting in the development of the TheraCour™ polymeric 
materials.

4  TheraCour Polymeric Micelle Approach 
for Anticancer Regimen

TheraCour platform polymer is a self-assembling, uniform, tailorable linear homo-
polymer that comprises polyethylene glycol (PEG) within its monomer unit which 
is heterochemically functionalized with a specially designed linker unit so that 
covalently connected aliphatic chains are suspended from it and separately site- 
targeting ligands are also covalently attached to it [85–87] (Fig. 1).

This simple scheme results in a polymer that is like a half-biological membrane. 
In aqueous systems, it self-assembles into micelles with hydrophobic, flexible core 
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Fig. 1 Schematic design of TheraCour biopolymer

region made of the lipid chains, hydrophilic ligands directing outward into the aque-
ous milieu ready to seek their partners, connected together by the corona of PEG.

Upon binding of the TheraCour polymeric micelle to a cellular receptor sought 
out by the ligand, multiple interactions with cellular receptors can take place result-
ing in increased avidity, due to the regular presentation of ligand at each monomer 
unit. This forces the corona close to the cell membrane and may initiate lipid- mixing 
of the flexible pendant interior lipid chains of the micelle with the flexible lipids of 
the cell membrane, leading to passive fusion. Alternatively, receptor-mediated 
endocytosis can take place at properly chosen receptors. These processes would 
result in site-specified or address-targeted delivery of the encapsulated drug payload 
content of the micelle. As encapsulated rather than covalently immobilized, the 
drug payload can immediately go to work and does not have the latency of the need 
to be released from the polymer backbone in a covalent system.

The TheraCour approach solves important problems in the entire drug use chain 
(Table 1) and has superior features by design to most other nanomedicine technolo-
gies (Table 2).

The graphical model of anticancer mechanism of TheraCour platform technol-
ogy is shown in Fig. 2.

This polymer can effectively encapsulate many types of chemotherapeutic APIs, 
target the cancer cell based on the selected ligand, and thereby result in effective 
anticancer activity
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Figure 3 shows the cell proliferation data of two lung cancer cell lines (A549 and 
H441), and two breast cancer cell lines (SKBR3 and BT474), in the presence of an 
untargeted TheraCour polymer (i.e., no ligand), a targeted TheraCour polymer (in 
this case, folate), with or without encapsulated API (camptothecin, CPT).

The enhancement in effectiveness of folate-targeted TheraCour-encapsulated 
delivery of camptothecin over that of CPT by itself in these cell culture studies is 
significant, enabling 75–90% inhibition at nontoxic concentrations of the drug, 
wherein CPT alone reached less than 20% inhibition, in three of the cancer cell 
lines; such high levels of inhibition are hardly ever reached with no cytotoxicity 

Table 1 TheraCour approaches solves problems in the entire drug use chain

Table 2 TheraCour approach presents unique beneficial features by design compared to other 
nanomedicine approaches
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Fig. 2 Graphical representation of TheraCour anticancer mechanisms of specific targeting

without the nanomedicine construct. The exception was that the folate-TheraCour- 
CPT drug showed 20% inhibition in multidrug-resistant breast cancer cell line 
BT474, which was still 10X greater than that from CPT alone. These highly promis-
ing results need to be taken further into animal model studies and, if confirmed, then 
into full-fledged drug development.

The TheraCour platform provides an extremely wide range of tolerability: (A) 
Of course, different ligands can be chosen to attack correspondingly different tar-
gets. (B) The hydrophobic/hydrophilic balance can be beneficially and systemati-
cally altered by choosing appropriate lipid length, and balancing PEG-monomer 
chain length. Increasing the lipid chain length can result in a more hydrophobic 
polymer that would form more stable and larger micelles, and would be more suit-
able for dermal topical delivery as a cream or as an ointment formulation. In con-
trast, very short lipid chains would make a water-soluble yet micelle-forming 
polymer wherein the targeting ligand itself behaves as a polymer-conjugated drug, 
and the short lipid chains merely assist in conformational stability and adherence to 
cell membrane once attachment takes place, albeit with diminished encapsulated 
API cargo capacity. A medium between these illustrations would be well suited for 
drug delivery as an injectable drug. Thus, the final usage (route of administration) 
informs the design itself. (C) The connector can be modified to tailor the rate of 
release of the API by controlling the rate of depolymerization advantageously using 
natural enzymes such as esterases in the bloodstream, proteases, caspases, and 
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Fig. 3 Cell proliferation of cancer cell lines is most inhibited by a folate-targeted TheraCour 
polymer delivering camptothecin

others in the tumor vicinity. (D) The connector can be modified to present a suitable 
net electrical charge state. A net negative electroosmotic potential on the micelles is 
beneficial for keeping the drug solution stable and keeping it from agglomerating. A 
strong negative zeta potential would result in a reduction in nonspecific binding to 
cells, thus minimizing off-target effects. Adding spatially designed positive charges 
within the milieu of net negative zeta potential can lead to interesting effects such as 
concentration into extracellular matrices and thus proximity to the tumor. (E) The 
polymerization can be controlled, within the limits of the Flory equation, to provide 
desirable clearance characteristics. Thus, an overall molecular weight (including 
encapsulated API contribution) greater than about 10KDa is generally expected to 
minimize renal clearance until after polymer degradation, thereby limiting renal 
injury, a key issue in several chemotherapeutics. At very large molecular weights, 
the drug would only circulate or deposit in the bloodstream and only slow introduc-
tion into extravascular space upon polymer chain degradation would be expected. 
The optimal molecular weight lies somewhere between these extremes, to minimize 
renal clearance and simultaneously enable EPR-based concentration in extravascu-
lar tumor space. (F) More than one different APIs can be encapsulated, enabling 
combination drug therapy within single delivery, albeit in a fixed-dose ratio mode. 
(G) More than one different ligand targeted to different receptors can be attached. 
Choosing two different ligands targeted at the same receptor but at different 
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locations can help select the stereo-pose of the receptor (e.g., activated vs. native, or 
open vs. bound to natural ligand or inhibiting or enhancing dimerization possibility 
of the receptor) to achieve specificity. Choosing multiples of the same ligand at each 
connector can lead to receptor multimerization, kicking off intracellular pathways. 
Choosing two different ligands directed at two different receptors can significantly 
enhance tumor selectivity, and further, can also enable heterodimer formation to 
kick off intracellular pathways. (H) Limited cross-linking can be introduced into the 
linear polymer chain if depot-type controlled-release properties are desired. (I) 
Signal-based (or triggered) release of contents can be tailored by using appropriate 
connector chemistry, typically pH sensing, or esterase or protease-specific functions 
can be incorporated for this purpose.

We have generally chosen small chemicals, small peptides (such as fragments 
modified from natural ligands), or small peptidomimetics as the targeting ligands, 
as their sizes are in proportion with the polymer size constraints discussed already. 
Antibodies tend to be very large and are only suitable when high-affinity antibodies 
are attached at one or both chain ends of the polymer.

In working with the TheraCour platform and its applications, its similarity to 
how viruses infect cells is noticeable. Enveloped viruses carry a lipidic membrane 
derived from the host cell membrane where they came out. Thus, choosing a virus- 
directed ligand can potentially enable the TheraCour machinery to attack viruses. 
Even more, interestingly, an active API is not required in this scenario if the ligand 
is properly chosen. This is because, once the virus is attacked by the micelle- 
carrying ligands, lipid-lipid mixing essentially pulls the lipid membrane of the virus 
to the site of the attack, as the micellar-polymer fuses with it and spreads onto it. 
The glycoproteins that the virus uses to concentrate at (attachment), as well as spe-
cifically bind to (binding), and internalize using (fusion), are all suspended in this 
lipid membrane of the virus, and they get uprooted and dispersed, which can result 
in a naked virus capsid that cannot infect cells.

4.1  TheraCour Platform for Antiviral Nanomedicines

We have applied the TheraCour platform to develop antiviral nanomedicines, called 
“nanoviricides®” [85, 88, 89]. In this model, specifically designed chemicals that 
bind to the glycoprotein of the virus at the same site that the virus uses for binding 
to its cognate cell surface receptor are used as ligands covalently attached to the 
TheraCour polymer [88, 89]. The resulting self-assembling nanoviricide micelle is 
predicted to bind to the virus particle at numerous sites, spread onto the virus sur-
face, thereupon fuse with the viral membrane by lipid-lipid mixing, and simultane-
ously uproot the glycoproteins the virus requires for gaining entry into cells (Fig. 4) 
[86, 87].

This is often expected to end in complete neutralization of the virus, without help 
from the host’s immune and clearance systems. In contrast, antibodies only bind to 
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Fig. 4 Novel platform technology: nanoviricide is a cell mimic. A nanoviricide “looks like” a 
human cell to the virus. The nanoviricide micelle is large enough for a virus particle to latch onto 
it, but yet small enough to circulate readily in the body. Rather than the virus particle entering into 
a nanoviricide, a nanoviricide micelle wraps around the virus particle and encapsulates it. Viral 
resistance to the nanoviricide drug is unlikely because even as the virus mutates, it still binds to the 
same cell surface receptors, in the same fashion.

the virus with two sites and need the host system for clearance and processing of the 
resulting antibody-virus complex.

Drug resistance developing in viruses is a major problem facing antiviral drug 
development. Antibodies are used as antiviral medications and they can be gener-
ated readily against viral antigens. However, antibodies are highly specific. Viruses 
change rapidly due to multiple effects including replication errors (mutations, inser-
tions, deletions), acquisition of attributes by homologous recombinations, or 
exchanges of segments with other viruses usually of the same type (reassortments). 
Because of their high propensity to tolerate genomic changes, viruses readily escape 
antibodies as well as small chemical drugs especially when allowed to expand under 
such antagonistic evolutionary pressure. For the same reason, vaccine-escapist or 
vaccine-resistant viruses evolve in the field, particularly in the scenario of vaccina-
tion levels insufficient to result in herd immunity of a population.

However, no matter how much a virus changes, it uses the same entry receptor on 
the human cells, and the site on the viral glycoprotein that binds to the entry recep-
tor binds in the same fashion. Thus, an appropriate ligand designed to mimic the site 
on the entry receptor which has the binding site to the virus, when attached to the 
nanoviricide, would result in a surface that has the cell-binding features on the 
nanoviricide micelle to which the virus binds no matter how much it mutates. In 
other words, this approach of mimicking the cellular receptor’s essentially invariant 
binding site for the virus would result in a nanoviricide that the virus cannot escape 
from, unlike antibodies and vaccines. Escape from such a nanoviricide would 
require drastic changes that result in generation of a new and different virus that, if 
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Fig. 5 Graphical representation of the mechanism of action of nanoviricide binding and inactiva-
tion of viruses. Step 1: A nanoviricideTM binds to virus particle. Step 2: Bound nanoviricideTM 
lipid fusion with virus particles. Step 3: Bound nanoviricideTM wrapping onto virus particles. Step 
4: A virus particle destroyed by a nanoviricideTM

infectious, would be using a different pathway of cellular entry. Thus, this approach 
promises an elegant biomimetic solution to overcoming the problem of drug resis-
tance evolution in viruses.

A graphical representation of the proposed mechanism of nanoviricide is shown 
in Fig. 5.

4.2  Nanoviricide Polymeric Micelle Drug Development Against 
SARS-CoV-2

SARS-CoV-2, a recent threat to human life, belongs to the beta family of human 
respiratory coronavirus and causes the severe lower tract communicable disease 
termed COVID-19 [90]. Throughout the global pandemic that began circa November 
2019, the virus has continuously evolved in both continuous and stepwise fashion. 
The stepwise generated variants have caused repeated waves of the pandemic 
throughout the world. Newer variants that take over from the prior ones have pos-
sessed greater transmissibility, defined by the “baseline reproduction factor,” R0 
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(pronounced R-naught) which is the average number of humans a person sick with 
the virus is transmitting the virus to. As of April 2022, the Omicron BA.2 and its 
subvariants have reached R0 of about 12, which brings it into the range of one of the 
most infectious viruses known to humans, the measles virus R0 of about 15 to 18 
[91]. While at the same time, the receptor-binding site (RBS) on the Spike or 
S-protein of the virus has changed under immune pressure, the antibody drugs 
designed against the original Wuhan strain are no longer effective. The efficacy of 
vaccines in preventing infection has dropped to very low levels, while vaccinated 
persons are still less likely to have severe disease or die from SARS-CoV-2 infec-
tion than unvaccinated persons. The newer variants are thought to cause milder 
disease, and a reduced rate of deep lung infections, which may be related to the 
changes in the RBS promoting more binding in the upper respiratory tract or the 
general buildup of immunity from prior infections or vaccinations, although the 
possibility of a stepwise evolving newer variant with high pathogenicity cannot be 
ignored.

A major threat that cannot be ignored, particularly because vaccination cannot 
reach herd immunity for the global population in the current circumstances, is the 
generation of a novel virus variant that causes antibody-dependent enhancement of 
disease (the “ADE effect”). The related SARS-CoV-1 and MERS-CoV are known 
to be capable of causing ADE, although neither of these viruses has resulted in a 
widespread pandemic [92]. In ADE, a virus variant that is sufficiently different from 
the prior virus such that it is not neutralized by the host’s antibodies (generated 
either due to vaccination or prior infection, or given in a therapeutic protocol) still 
binds to such antibodies, and the antibodies in turn bind to Fc-receptor-rich human 
cells (such as dendritic cells, macrophages, neutrophils, eosinophils, basophils, 
mast cells, and NK cells) [93], and thereafter upon internalization, the virus infects 
the cells and propagates more adventitiously than in absence of such antibodies, 
causing a substantially more severe disease as a reverse effect of having antibodies.

The currently available drugs, remdesivir (Gilead), molnupiravir (Merck), and 
Paxlovid™ (Pfizer), have significant limitations and limited effectiveness. 
Molnupiravir is mutagenic and has very poor efficacy. Paxlovid is virostatic and the 
virus rebounds upon the end of the therapy course. Remdesivir is highly effective in 
cell cultures, but in vivo, its efficacy is very limited primarily due to body metabo-
lism and toxicity. Thus, novel drug development targeted at SARS-CoV-2 of drugs 
that the virus would not escape is badly needed.

We began SARS-CoV-2 drug development around January 2020 and success-
fully developed drug candidates worthy of further development already as of May 
2020. The GLP Safety/Tolerability studies of the chosen drug candidate, NV-387, 
were substantially completed as of February 2021. Process scale-up and formula-
tions development has been completed as of this writing and we are preparing for 
human clinical trials. Our drug development work could have been substantially 
accelerated if the scientific community had understood the power of this novel anti-
viral nanomedicine approach and supported the development in a manner similar to 
how mRNA vaccine development as well as other small chemical development was 
accelerated.
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Our objective was to develop a broad-spectrum, pan-coronavirus drug. In addi-
tion to SARS-CoV-2, SARS-CoV-1 and MERS-CoV are known major threats with 
high fatality rates. Further, there are at least four commonly circulating coronavi-
ruses that cause common colds, and in particular, one of these, h-CoV-NL63, binds 
to the same ACE2 receptor as SARS-CoV-1 and SARS-CoV-2, and results in the 
same but less severe lung pathology and morbidity with significantly lower fatality 
rates. We developed an animal model based on hCoV-NL63 lethal lung infection 
that mimicked the SARS-CoV-2 lung pathology in humans to test the effectiveness 
of our drug candidates during the screening process.

We designed several ligands using molecular modeling using the SARS-CoV-1 
S-protein, generated nanoviricide drugs from them by covalently conjugating them 
to the TheraCour polymer backbone, and tested them in cell culture assays first 
against distinctly different coronaviruses. The successful candidates were then pro-
moted to animal studies for efficacy as well as for safety. Eventually, we settled on 
NV-387 as the drug candidate for further development based on several consider-
ations including safety, efficacy, as well as scalability and complexity of manufac-
ture. NV-387 is the code name for the active pharmaceutical ingredient, and the 
corresponding formulated drug product is called NV-CoV-2. In this paper, both des-
ignations NV-387 and NV-CoV-2 are generally used interchangeably.

NV-387 was highly effective in cell cultures against coronavirus hCoV-NL63 
which binds to ACE2 as the cellular receptor, as well as against coronavirus 
hCoV- 229E which binds to a distinctly different cellular receptor, aminopeptidase 
N (APN), indicating a broad-spectrum anti-coronavirus effectiveness [94–98]. The 
broad-spectrum activity of NV-CoV-2 against both hCoV-NL63 and hCoV-229E 
together indicates that it should still stay active against a variety of coronaviruses, 
even after they mutate [87, 94, 96–98].

4.3  Encapsulation of the Virus Leads to Disintegration

NV-CoV-2 is designed to bind to the free virion particles at different places through 
viral-glycoprotein receptor-ligand interactions and potentially encapsulate the virus 
particle that disables it from infecting the cells. Similarly, to “nano-velcro-tape,” 
these multiple binding interactions may lead to a lipid-lipid fusion of the alkyl 
chains in the nanoviricide micelle with the lipid envelope of the virus. This dis-
mantles the virus into the capsid form that does not require any involvement from 
the host immune system. This putative mechanism is orthogonal to almost all other 
anti-coronavirus agents in development enabling potential supplementation with 
additive or synergistic effects in combination [85].

The support of this mechanism is shown in the electron photomicrographs in 
Fig. 6. In this study, the murine cytomegalovirus (MCMV) was incubated with a 
nanoviricide displaying sialic acid as a ligand. MCMV encloses multiple virus cap-
sids within a single lipid membrane that hosts the viral glycoproteins, making it an 
ideal candidate for studying attack by a nanoviricide. The light area at the top right 
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Fig. 6 Effects of two different nanoviricides binding to murine cytomegalovirus (MCMV). (a) 
Control-treated virion: MCMV containing multiple capsids and a lipid coat with coat proteins. (b, 
c) MCMV virions treated with two different nanoviricides. Virion disruption with capsids 
spilling out

corner in Fig. 6b indicates that the lipid coat was pulled together, suggesting a nano-
viricide micelle binding event in this area. The loss of the viral envelope is seen to 
result in the multiple enclosed capsids spilling out of this attacked virus particle. 
The virus capsids lack viral glycoproteins required for cellular entry and infection 
and are noninfectious. Figure 6c shows that only virion capsids remain as a result of 
the attack. The proposed mechanism of action for the nanoviricides is not expected 
to interfere with the intracellular replication of the virus to any appreciable extent 
[96, 85]. Therefore, it may be possible to achieve a stronger antiviral effect by com-
bining NV-CoV-2 therapy with other anti-coronavirus therapies in the future.

The proposed mechanism of action for the nanoviricides is not expected to inter-
fere with the intracellular replication of the virus to any appreciable extent [85, 96]. 
Therefore, it may be possible to achieve a stronger antiviral effect by combining 
NV-CoV-2 therapy with other anti-coronavirus therapies in the future. We have 
demonstrated strong success in animal models for our drug candidate NV-CoV-2 
which encapsulates remdesivir into the NV-CoV-2 polymeric micelle.
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4.4  Protection by Encapsulation for Delivery of Other Small 
Antiviral Drugs

NV-CoV-2 polymeric micelle can encapsulate a number of hydrophobic drugs 
effectively. We postulate that it would deliver any encapsulated cargo with a strong 
preference for infected cells over healthy cells. In fact, it’s only the infected cells 
that display the viral antigen S-protein (or S1 and S2 proteins), on either budding 
virion or on exposed cell membrane structures that NV-CoV-2 preferentially binds 
to as per design.

Further, encapsulation of another drug within NV-CoV-2 can protect the encap-
sulated drug from bodily metabolism until entry into cells, improving its pharmaco-
kinetic and pharmacodynamics properties.

Remdesivir (RDV), the only drug with full or normal approval for use in hospi-
talized patients, and recently in pediatric patients, is extremely effective in cell cul-
ture studies. EC50 of remdesivir in SARS-CoV-2-infected primary human airway 
epithelial (HAE) cells and Vero cells has been found at 9.9 nM and 750 nM, respec-
tively, at 48 h post-treatment [99]. Further, it is also extremely safe, with a therapeu-
tic index of greater than 10 in cell culture studies. It was approved based on a clinical 
trial that demonstrated that remdesivir infusion treatment for 9 days resulted in an 
average reduction in hospitalization stay of SARS-CoV-2 patients by about 7–8 
days. (ClinicalTrials.gov number, NCT04280705) [100]. However, follow-on clini-
cal trials did not show such effectiveness unambiguously. A recently completed 
multicenter multinational clinical trial resulted in suggesting that remdesivir treat-
ment was not statistically different from the standard of care arm (ClinicalTrials.gov 
Identifier: NCT04365725) [101]. The stark contrast between its cell culture and 
in vivo effectiveness is traced to the rapid bodily metabolism that turns it into the 
des-phosphate derivative, GS441524, which is significantly less effective than RDV 
itself [102].

We hypothesized that NV-CoV-2 encapsulation of RDV may provide substantial 
synergistic antiviral effects in vivo, by virtue of (1) the inhibition of the reinfection 
cycle afforded by NV-CoV-2, (ii) the inhibition of the replication cycle afforded by 
RDV, and (iii) increased effective circulating of RDV at higher concentration and 
potentially higher intracellular RDV concentration due to encapsulation of RDV 
affording protection from bodily metabolism, when compared to standard remdesi-
vir therapy. This could result in rapid recoveries of the patients, providing essen-
tially a cure in most cases. When RDV was encapsulated within NV-CoV-2, the 
antiviral efficacy of the resulting drug, NV-CoV-2, was substantially increased over 
that of either NV-CoV-2 or RDV in lethal lung infection model rat studies [103–105].

In this study, the untreated rats and the vehicle-treated rats infected with the 
CoV-NL63 virus directly into lungs only survived for 5 days. The group of rats 
treated daily with a dose of RDV at 10 mg/kg (NV376, formulated remdesivir as per 
standard SBECD Veklury® formulation, double dose on the first day, mimicking 
standard Veklury protocol) survived up to 7.5 days. The group of rats treated with 
NV-CoV-2, 320 mg/kg (high, given on alternate days for five doses), survived until 
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Fig.  7 Survival of rats from NL63 infection after administration of NV-CoV-2-R for varying 
number of days beginning with day 0

day 14. The survival rate of the rats administered with NV-CoV-2-R (comprising 
160mg/kg NV-CoV-2/med, 16mg/kg RDV/low, given on alternate days for five 
doses) increased to 18 days. The total RDV dose was matched in the RDV and 
NV-CoV-2-R groups enabling a simple comparison of the effect on survival [106] 
(Fig. 7).

5  Pharmacokinetics of Remdesivir-SBECD and Remdesivir 
Encapsulated in NV-CoV-2 (i.e., NV-CoV-2-R) 
in the Presence of Plasma In Vitro and In Vivo 
(Figs. 8 and 9)

Figure 8 demonstrates that NV-387-polymer encapsulation protects RDV in vitro 
from plasma-mediated catabolism, with only 25% loss in 4 h, and substantial stabil-
ity even after overnight incubation, whereas Gilead formulation of RDV in SBECD 
(S-beta-ethyl-cyclodextrin) does not do as well, with 50% loss in 4 h, and limited 
stability in overnight incubation. Therefore, it is expected that in vivo our polymer 
encapsulation can provide RDV for longer periods of time improving its antiviral 
activity [107].
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Fig. 8 Comparison of stability of RDV in DMSO, in polymer 387 encapsulated, and in SBECD 
in vitro in the presence of rat plasma. Stability in RPL: The samples, RDV, RDV-encapsulated in 
NV-387 polymer, and RDV in SBECD (Gilead formulation), were tested for their stability in the 
presence of rat plasma in vitro. Methodologies of incubation in the reaction mixture, and extrac-
tions, are the same as we did for standard curve determinations of RDV/GS. The results show that 
RDV by itself has a very short life in the presence of plasma, RDV in SBECD is somewhat better 
than RDV alone, but encapsulation in NV-387 polymer substantially improved RDV stability even 
after overnight incubation. GS-441524 metabolite formations are representative of RDV break-
down and supportive of the RDV stability data

We tested the in  vivo stability of NV-CoV-2 polymer-encapsulated RDV in a 
pharmacokinetic study in rats (uninfected). NV-CoV-2-R, RDV-SBECD, NV-CoV-2 
polymer alone, and vehicle were introduced by slow-push tail-vein injection at two 
different strengths into female rats. The RDV-SBECD followed standard Veklury 
protocol, double dose on day 1 followed by daily dose until day 9. NV-CoV-2 and 
NV-CoV-2-R followed a simplified protocol of five doses at 48-h intervals, i.e., days 
1, 3, 5, 7, and 9. After the first and fifth injections (day 1 and day 9), blood samples 
were collected at different time points for 24 h, and the amount of remdesivir was 
quantitated using a specially designed LC-MS protocol [108].

Figure 9 shows a comparative analysis of RDV levels in female rat plasma after 
the first and fifth injections of the drugs. Accumulation of RDV in the system was 
better after the fifth injection of NV-CoV-2-Med than the first injection. For all the 
doses of NV-CoV-2-R, RDV was detected in rat plasma producing an initial increase 
that peaked between 4 and 8 h and was followed by a slow decrease between 24 and 
48 h. Although the pattern of pharmacokinetics with 376-R (remdesivir- 
sulfobutylether- beta-cyclodextrin, SBECD) formulation mimicking Gilead 
Veklury®) was similar to that of NV-CoV-2-R, the half-life of RDV when NV-COV-2 
encapsulated was more than 24 h, whereas in the standard RDV-SBECD formula-
tion, it was only around 8 h (Fig. 9).

The nanoviricide polymer, NV-387, is thus found to be an encapsulator capable 
of protecting the encapsulated small-molecule drug from degradation in vivo. RDV 
has a low water solubility of 0.339 mg/mL which is still appreciable in the context 
of plasma levels, and is expected to have resulted in continued loss of encapsulated 
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Fig. 9 RDV concentrations in female rat plasma after the first injection (panel, A, B) and fifth 
injection (panel, C, D) of the drugs. The blood samples collected at different time points after drug 
administration i.v. to the animals were collected and measured for RDV level by a specially 
designed LC-MS quantitation protocol with isotopic remdesivir standards. The values obtained as 
mg/mL were normalized by dividing with the RDV amount administered (mg/Kg of rat body 
weight). Each data point is the mean (±SD) of three values and the experiment was repeated three 
times with similar results

RDV to dilution into the bodily fluids. In spite of this, substantial metabolic protec-
tion and sustained level of RDV were seen.

These PK characteristics of the TheraCour polymeric micelle platform enable 
longer-term, sustained delivery of drugs, which is very important for cancer thera-
peutics. The PK characteristics of drugs that are less water-soluble than RDV are 
expected to be improved even more than what we saw with RDV. Further, as dis-
cussed earlier, attaching appropriate site-directing ligands to NV-387 (or other 
TheraCour® family polymers) enables address-directed delivery into selected cell 
types, identified by the ligand(s).

Thus, the TheraCour platform polymeric micelles are capable of meeting the 
holy grail demands of cancer therapy: (a) sustained high concentrations of the 
encapsulated drug and (b) address-based site-specific selective delivery into can-
cer cells.
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6  Safety Studies of Drug Substance, NV-387, and Drug 
Product NV-CoV-2

Of the TheraCour platform polymers, NV-387 is most advanced toward translation 
into the clinic. NV-387 is a drug substance (API) that, when formulated as a drug 
product, bears the designation NV-CoV-2. For the purposes of this review, the terms 
NV-387 and NV-CoV-2 are used interchangeably, although there are regulatory and 
compositional subtleties that distinguish a drug product from a drug substance.

NanoViricides has conducted safety pharmacology studies on NV-387 that 
included core battery tests as defined in the ICH S7A guidelines conducted on the 
respiratory and central nervous systems in the standardized conscious rat model, 
and the cardiovascular system in a nonhuman primate model (cynomolgus mon-
keys – Macaca fascicularis) upon intravenous administration of NV-CoV-2. No sig-
nificant adverse effects on respiratory function or in neurobehavioral effects were 
observed at 1 h post-dose time point in all dose groups of rats. Body temperature in 
rats was not affected by the intravenous administration of NV-CoV-2.

The intravenous administration of NV-CoV-2 in conscious telemetered cynomol-
gus monkeys did not induce any significant, biologically relevant effects on heart 
rate, arterial blood pressure, cardiac rhythm, and ECG parameters. All monkeys 
maintained sinus rhythm throughout the study.

Additionally, NV-387 was found to be non-immunogenic in a rat model. NV-387 
was nonallergenic in several animal models given as injection as well as given 
orally. NV-387 was found to be non-mutagenic in the standardized bacterial reverse 
mutation test (Ames test), and non-genotoxic in the standardized micronucleus test. 
The micronucleus test is a genotoxicity test to detect the chromosome damaging 
potential after exposure to a test chemical in human TK6 cells in vitro.

The TheraCour platform polymers have a similar general chemical structure as 
NV-387 and similar characteristics. The polymer molecular weight is expected to 
influence PK/PD and especially the PK/PD of encapsulated guest molecules. The 
hydrophobicity, or more specifically, the hydrophilic/hydrophobic balance in the 
polymer, is expected to affect its aggregation properties as well as interactions with 
proteins and cell membranes. Nevertheless, the design principles that we used, of 
incorporating PEG in the backbone to enable “stealth mode,” and pendant alkyl 
chains to enable mimicking cellular membranes and enabling self-assembly that 
presents an unstructured hydrophilic PEG surface for the micelle, are expected to 
enable similar non-mutagenic, non-immunogenic, nonallergenic, and non- genotoxic 
characteristics to the TheraCour polymer platform.
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7  Discussion

Traditional cancer chemotherapy is cytotoxic to cells, and therefore, it can damage 
healthy cells as well as cancer cells, whereas site-directed address-specific cancer 
cell-selective therapy would affect only cancer cells sparing the normal, healthy 
cells, to the extent of the selectivity. While antibodies, antibody-radio-conjugates, 
or antibody-drug conjugates are substantially site-directed, such therapies have pre-
sented many challenges. The radio-immunoconjugates in particular cause substan-
tial collateral damage in nearby cells and the tissue. The drug loading capability of 
antibodies is limited without losing their specificity. Liposomal drug delivery with 
selective ligands derived from antibodies or small chemicals has been attempted 
with some success. However, liposomes are not stable upon the dilution that occurs 
in the bloodstream, and rather small fractions of the encapsulated API are delivered 
as encapsulated to the cancer tissue, with a large fraction entering the bloodstream 
naked. Liposomes also have presented issues of immunogenicity, allergenicity, 
immune activation, or inflammatory responses, among others. Liposomes have 
manufacturing challenges as well due to their complex compositions and narrow 
phase stability diagrams with respect to phase ratios as well as with respect to tem-
perature. Off-the-shelf polymers such as PLA, PGA, PLGA, PMMA/PAA, etc. have 
also resulted in substantial challenges.

Thus, the design of appropriate polymers for site-directed, address-selective can-
cer therapeutics has become very important. Recent advances in nanotechnology 
and biotechnology have contributed to the advent of engineered nanoscale materials 
as innovative prototypes to be used for biomedical applications and optimized ther-
apy. However, several obstacles, including difficulty in achieving the optimal com-
bination of physicochemical parameters for tumor targeting, evading particle 
clearance mechanisms, and controlling drug release, have limited the translation of 
nanomedicines into therapy. Recent efforts are focused on developing functional-
ized nanoparticles for delivery of therapeutic agents to specific molecular targets 
overexpressed on different cancer cells. Particularly, the mixture of targeted and 
controlled-release polymer nanotechnologies has resulted in a new programmable 
nanotherapeutic formulation of docetaxel, which recently entered clinical testing 
for patients with solid tumors.

Nanotechnologies are having a significant impact on drug delivery, and over 
recent years, several first-generation therapeutic nanoproducts are moving ahead 
toward clinical development. Particularly, targeted polymeric nanoparticles, capa-
ble of increased cell uptake and enhanced accumulation in the target tissue, are 
often successfully obtained by attaching specific binding entities onto the surface of 
the nanoparticles. Such active targeting, together with the passive EPR effect and 
other targeting-based approaches, is envisaged to be an efficient strategy, and a 
number of other ligand-targeted nanotherapeutics are either approved or under clini-
cal evaluation, resulting in second-generation nanomedicines.

A polymeric drug delivery nanovehicle containing the chemotherapeutic agent 
docetaxel is approved to be used for the treatment of several common cancers, 
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including breast, lung, and prostate. To date, other complex targeted nanosystems 
addressed to varied cancers, also combining diagnostic and therapeutic agents, or 
that may trigger drug release at the target site when exposed to external stimuli, are 
currently in clinical development.

We have presented a novel TheraCour polymeric micelle-forming self- assembling 
platform technology here that is capable of solving a number of the problems facing 
successful nanomedicine development for cancer treatment. Interestingly, our 
insight into the mechanism of this polymeric platform is leading to the development 
of antiviral nanomedicines at a quicker pace than that of anticancer 
nanomedicines.
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Nanomaterials for Cancer Theranostics: 
Clinical Trial Process, Market Statistics, 
and Factors to Increase Success Rate 
from Lab to Clinic

Anita J. Chavan

1  Introduction

Cancer is a significant cause of disease burden globally. It is forecasted that despite 
current developments in cancer biology research and diagnostic space, it will con-
tinue to grow over the next two decades. According to a Global Disease Burden 
study in 2019, there were approximately 23.6 million new cancer cases and ten mil-
lion cancer deaths globally [1]. Cancer is the second leading cause of death world-
wide despite recent advances in its diagnostic and treatment space. Hence, better 
diagnostic and treatment tools are urgently needed to detect and treat cancer early 
and effectively reduce its morbidity [2]. Cancer is a highly complex disease charac-
terized by uncontrolled cell growth and is treated using a combination of chemo-
therapeutics, surgery, radiation, and hormonal therapy. However, these treatment 
options cannot fully eradicate cancer and face issues such as drug resistance causing 
reoccurrence, severe toxic side effects, and damage to the surrounding normal 
healthy tissue.

These complexities led to an unrealistic roadmap in cancer eradication, e.g., in 
1971, former US president Nixon targeted to eradicate cancer in the brief duration 
of 5 years. On the other hand, the current Biden administration now takes a careful 
approach with a measurable 25 years goal of cancer death reduction by 50% to be 
achieved by the previously launched Cancer Moonshot program [3]. The Cancer 
Moonshot initiative was established in 2016 with total funding of US$ 1.8 billion. 
In addition, US National Cancer Institute (NCI) also targeted 240 projects to treat 
different types of cancers. Hence, the topic of cancer nanotheranostics (CNTN) will 
become more important for research, development, and innovation (RDI).
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The main bottleneck, specifically for CNTN, is the translation of performed lab- 
level RDI activities to clinical trials and clinical trials to affordable therapies for 
clinics and homes. Some of the important aspects of this challenge were discussed 
in different review articles and reports.

Wang et  al. [4] reviewed inorganic nanomaterials for biomedical applications 
and their clearance pathways. They pointed out that toxicity and bioaccumulation of 
nanoparticles must be addressed before starting their clinical trial process. They 
emphasized the importance of design understanding and metabolic pathways of 
inorganic nanomaterials in determining their toxicity and rapid clearance from the 
body. This in-depth understanding is essential for efficient biodegradable and rap-
idly clearable nanoparticle development required for a smooth clinical trial. They 
elaborated on different clearance pathways, viz., renal, hepatic, mucociliary, gastro-
intestinal, and reticuloendothelial system (RES) clearance and their role during the 
in vivo trials. Determination of nanomaterial’s degradation and clearance pathway 
is a crucial challenge. Hence, imaging capabilities along with therapeutic effects are 
vital for clinical translation [4]. Siafaka [5] et al. investigated smart nanotheranos-
tics (NTN), integrating bioactive specific tissue targeting with diagnosis modalities. 
They mainly focused on radiolabeled CNTN tools, including multifunctional nano-
materials of silica, silver, gold, polymers, carbon, and liposomes. They also elabo-
rated on using these CNTN systems to reduce overdosing or underdosing, which is 
crucial in determining the success of clinical trials. They emphasized careful modi-
fication of CNTN systems to prevent RES clearance resulting in increased targeted 
delivery. The modifications include optimized particle size and tuned surface func-
tionalities by aptamers, antibodies, polymers, lipids, and dendrites to prevent intrin-
sic recognition by the immune system.

Johnson et al. [6], in their recently published excellent review article, examined 
the in vivo status of specific CNTN materials and preclinical challenges for their 
successful translation to market. The investigated materials include 2D, hybrid, 
organic, and inorganic CNTN materials. They concluded the increased performance 
of these materials with (i) superior imaging intensity and contrast of cancer tumors, 
(ii) increased diagnostic and circulation time duration, (iv) controlled drug release 
and localization at the tumor site, and (v) superior anticancer performance, viz., 
inhibiting tumor growth at higher rates, suppressing metastasis completely, 
enhanced survival rate, and a massive reduction in recurrence. In addition, specific 
clinical challenges described in their article are elaborated on in the relevant sec-
tions of this chapter.

Chang et al. [7] reviewed the clinical performance of a range of stimuli- responsive 
polymeric nanomaterials (SRPNs) containing loadings of chemical, nucleic drugs, 
and imaging moieties for CNTN. They described SRPN’s different triggering mech-
anisms governing their nanotheranostics performance: passive/internal stimuli (pH, 
enzyme, redox agents, and hypoxia) and active/external stimuli (light, temperature, 
magnetic field, and ultrasound). Their table of comparison [7] provided the status of 
ongoing clinical trials of SRPNs with Genexol-PM® in phase 4 and NK105, 
Doxorubicin Transdrug (Livatag) in phase 3 trials.
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Wong et al. [8] investigated CNTN materials engineered for specific diseases. 
They described nanomaterial’s penetrability and retention inside the body and the 
employed therapeutic and imaging mode as critical aspects of their clinical effec-
tiveness, hence, their lab to clinic translation. They pointed out that understanding 
nanomaterial’s interaction with different bio-barriers of the human body such as 
macrophages, serum proteins, and intra-tumoral delivery is crucial for their engi-
neered response to target specific tumors resulting in their success in the labs and 
clinics. Singh et al. [9] briefly described translation challenges CNTN from lab to 
clinics. They discussed critical translation challenges which must be addressed 
urgently, such as nano-biointeraction leading to a range of side effects and commer-
cially viable controllable-reproducible high-yield synthesis within tight margins of 
quality control. One of the approaches to resolve these challenges is developing a 
hybrid methodology, which was elaborated by Shetty et al. [10] in their review arti-
cle on inorganic hybrid CNTN materials. They emphasized unique intrinsic proper-
ties of inorganic nanomaterials suitable and favorable for the development of CNTN, 
e.g., magnetic and hyperthermia of gold-coated magnetite nanoparticles. Their 
review article also analyzed patents and ongoing clinical trials of various CNTN 
materials to determine the missing link in bench-to-bed translation, transforming 
RDI activities into commercially viable and affordable nanotheranostics therapies 
for cancer patients. In addition, Dhupal et  al. [11] reviewed the phytochemical 
CNTN approach and elaborated on their clinical trials translating to clinical utiliza-
tion for effective cancer theranostics. Superior biocompatibility of phytochemicals 
resolves important hurdles of clinical trials, viz., resistance, cytotoxicity, and phys-
iochemical dynamic response leading to high specificity toward cancer cells. They 
mainly described phytochemicals nanomedicines approved by the FDA or at differ-
ent stages of clinical trials with a very high chance of FDA approval.

Fogel [12] reviewed the last 30 years’ data and provided suggestions to increase 
the probability of clinical trials’ success. Their survey identified common patterns 
in successful clinical trials, viz., study site, participated patients, the effect of trials 
on patients, and coordinators or investigators and their role as well as specific sce-
narios for AI-ML integration to improve and accelerate the drug trial process. This 
investigation determined vital factors which led to failed clinical trials, such as the 
following:

 1. Unable to demonstrate efficacy or safety.
 2. Lack of funding or long-term financial support; ≈ 22% of clinical trials failed 

due to this factor.
 3. Failed to precisely determine eligibility criteria of patients, e.g., missed comor-

bidities, inefficient exclusion-inclusion criteria, age-group effects.
 4. Patients’ enrolment for clinical trials; if the number is insufficient due to lack of 

trust, motivation, ignored patients’ concerns, or any other problems, it will indef-
initely prolong the trial process and increase the cost.

 5. Poor execution of trials, lack of efficient management, poor choices in enrolling 
patients, site selection, and dropouts of patients are repeated patterns creating 
huge hurdles in clinical trials. (vi) Lack of quantitative measurements, automatic 
reporting, and incorrect judgments lead to poor trials outcomes.
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 6. Patients’ investment of time and money.

In addition to the technical and materials efficacy described earlier, the author 
described key factors summarized in a single sentence as minimizing the burden on 
patients and maximizing patient appreciation.

Bayda et al. [13] described lab to clinic translation of inorganic CNTN materials 
in their detailed review. They concluded that for successful bench-to-bed translation 
of inorganic CNTN materials, it requires superior synthesis methodology following 
an ecofriendly, simple, cost-effective, safe mode, better biosafety, and in-depth 
understanding of nano-biointeractions, pharmacokinetics, and biodistributions, 
with particular emphasis to solve carcinogenesis, long-term toxicity, tissue damage, 
inflammation, and immunogenicity. Tran et  al. [14] reviewed successful CNTN 
approaches of different nanomaterials and described biological barriers. For the 
eradication of cancer, they highlighted the urgent need for superior CNTN materials 
to enhance chances of clinical trials and strong collaborations between pharmaceu-
tical industries, academic labs, research institutes, and regulatory agencies. They 
discussed the case study of the FDA approval of Onivyde®: a nanomedicine for 
cancer treatment.

Evidently, the problem of nano-biointeractions and resulting toxicity is highly 
complex; one must consider theoretical descriptors, specific quantitative nanoscale 
measurements of materials properties, understanding of bio-clearance pathways, 
and experimental conditions of drug trials. In addition, one can also include cost and 
manufacturing challenges in the analysis, which will make the problem of superior 
CNTN complex enough for AI-ML-based approaches to predict adverse effects of 
the cancer drug as well as to form proactive risk analysis for safe, cost-effective 
drug design with a high probability of bench-to-bed translation success. Furxhi 
et al. [15] provide a highly comprehensive review of this modern AI-ML approach, 
specifically focusing on the toxicity aspect, which is one of the key hurdles for 
bench-to-bed translation. In addition, Damasco et al. [16], in their review, provide 
an experimental safe-by-design approach to address the challenge of drug toxicity 
of CNTN materials covering preclinical and clinical CNTN materials employed for 
imaging and therapy of cancer. The special emphasis of this review is to provide 
rational engineered materials design eliminating toxicity of inorganic nanoparticles 
for translatable CNTN materials from lab to clinics.

The author of this chapter provides her experience in the field of medical writing 
for the elaboration of the clinical trial process and how to accelerate it without com-
promising safety and clinical outcomes in the following sections.

In addition, some other helpful reading materials are also provided here, elabo-
rating innovative approaches [17–19], precision nanomedicine for cancer treatment 
[20–22], in vitro-in vivo correlation [23], enrolment issues [24, 25], novel preclini-
cal testing platform [26] as well as relevant topics on clinical development [27], 
nanotheranostics [28], radionanomedicine [29], costs and barriers of clinical trials 
[30], engineering nanoparticle constructs for efficient delivery [31], protocol 
amendments [32], regulatory issues [33], bottleneck in brain drug development 
[34], and effect of physicochemical properties of nanomaterials on toxicity [35].
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2  Cancer Nanotheranostics

Nanotheranostic is creating a significant transformation in the personalized medi-
cine space. It is a branch of modern medicine that combines therapy and diagnostics 
as a single-shot regimen based on nanomaterials. Thus, it provides the opportunity 
to bridge the current cancer treatment landscape gap. The main limitations of the 
currently available treatment options are that they are tedious, are invasive, and 
cause severe cytotoxic side effects. Nanotheranostics has created a significant revo-
lution in the medical field with increased efficacy by combining nanotechnology 
and nanoparticles. However, the area is still in its early phase as it is challenging 
because each cancer type is unique and has its own environment.

Recent cell and molecular biology advancements caused significant development 
in theranostics efficacy and sensitivity. Many therapeutic phenomena that occur at 
the nanoscale are possible only due to nanoparticles, including photothermal and 
photodynamic therapy, targeted drug delivery, and other novel treatments [2]. In 
2018, the Food and Drug Administration (FDA) approved its first theranostic prod-
uct, lutetium Lu 177 dotatate injection [36] (Lutathera; Advanced Accelerator 
Applications), to treat somatostatin receptor-positive gastroenteropancreatic neuro-
endocrine tumors (GEP-NETs) [37]. The Lutathera treatment consists of a radiola-
beled somatostatin analog, which resulted in improved progression-free survival 
(PFS) in patients suffering from GEP-NETS. The FDA had reviewed this application 
on a priority basis and later granted it an orphan drug designation. The second ther-
anostic drug approved by the FDA is 177Lu-PSMA-617 which is targeted toward 
prostate-specific membrane antigen (PSMA), commonly found in cancerous prostate 
cells, and is for medical therapy use in patients with metastatic castration- resistant 
prostate cancer (mCRPC). Notably, the FDA had granted 177Lu-PSMA-617 both as 
a breakthrough therapy and a priority review designation [38]. The 177Lu-PSMA-617 
plus standard of care (SOC) resulted in a statistically significant increase in PFS vs. 
SOC treatment alone. Although theranostic has been deployed to treat only cancers 
of the thyroid, prostate, and neuroendocrine origins, it can theoretically be used 
against all kinds provided unique targets are identified on cancer cells.

While results from preclinical studies appear promising for the rapid and effi-
cient clinical use of such formulations, there are critical safety and ethical issues 
around the theranostics, which are significant hurdles to their clinical translation. 
This book chapter discusses these issues and possible solutions to proceed with 
their clinical translation.

3  Clinical Trial Process and Factors Driving Its Success

After years of medical research and investigation in a laboratory and successfully 
proving its safety and efficacy in animals, a drug moves into the clinical trial pro-
cess, where it is studied in human subjects for the first time. Cancer clinical trials 
aim to find novel treatments, diagnose the disease early, discover new medicines, 

Nanomaterials for Cancer Theranostics: Clinical Trial Process, Market Statistics…



512

and manage side effects associated with standard therapy. Typically, a drug moves 
through four clinical trial phases before reaching its patients. The initial phase 1 to 
2 studies involve a smaller sample size and mainly focus on determining safety, seri-
ous side effects, pharmacokinetics, pharmacodynamics, and effective drug dose. 
Once this information is acquired, the drug moves into later phases 3 to 4 of its 
development. Finally, it is tested on a larger population (hundreds to thousands of 
people) to study its long-term safety, pharmacovigilance, and efficacy compared to 
standard treatment care.

Several factors determine the clinical trial outcome: study design, eligibility cri-
teria, patient recruitment, funding, clinical site, investigator, and site staff. Cancer 
trial involves cancer patients who are already immunocompromised and thus at a 
greater risk of developing serious adverse events than healthy subjects. Therefore, 
investigators must make sure the site is equipped to perform necessary medical 
procedures in such circumstances. In addition, most of the time, cancer trials involve 
a specific cancer patient population at a particular stage of the disease affecting the 
patient recruitment. Hence meticulous evaluation of eligibility criteria is of para-
mount importance in recruiting enough patients and obtaining study-specific end-
points. The Tufts Center for the Study of Drug Development examined 3400 clinical 
trial protocols under various development phases. It revealed that around 40% of the 
protocols had to be amended before dosing their first subject. One-third of these 
amendments could have been avoided with thoughtful planning of study design and 
eligibility criteria [32]. Protocol amendments cost a significant amount of time and 
money to the study sponsor and affect the efficiency of the trial.

A primary reason most clinical trials fail is their failure to demonstrate efficacy. 
For example, an assessment of 640 phase 3 trials showed that almost 57% failed due 
to being less effective and 17% based on safety [27]. Although safety is studied at 
every clinical trial phase, safety concerns may be more visible in phase 3 or phase 4 
(post-approval). For example, the increased risk of rare blood clots after COVID-19 
vaccination became apparent when millions of people were vaccinated [39].

There is a vast amount of money needed to complete each phase of a clinical trial, 
and thus the availability of funding is another factor that decides the trial outcome. 
For example, about 22% of phase 3 trials were not completed due to a lack of funding.

Many oncology clinical trials face the long-term problem of recruiting enough 
patients, with only about 2–5% of cancer patients participating in the study. 
However, several start-up companies have recently addressed patient enrollment 
issues using AI-based methods. Especially in a lung cancer trial [40], the AI-based 
approach increased enrollment by 58.4%.

4  Market Statistics of Cancer Drug Development

As of 2018, there are 1120 drugs under development (DUD) to treat different can-
cers in the United States. In addition, the number of cancer DUD increased by 
almost 1.3 times from those in 2015 (No. of DUD = 836) and nearly 2.8 times from 
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those in 2005 (No. of DUD = 399) [41]. This data suggests that researchers, clini-
cians, and pharmaceutical industry partners aggressively seek better cancer treat-
ment options. The interest is also reflected in the projected market growth [42] from 
45.5 billion US dollars in 2016 to 310 billion US dollars in 2030, with a 14.1% 
compound annual growth rate from 2020 to 2021.

However, targeting cancers and developing drugs for treatment come at a very 
high cost, increasing from each drug trial phase. For cancer drug development in 
2014, the average per clinical trial study cost [30] was 4.5 million US dollars for 
phase 1 to 38.9 million US dollars for phase 4 drug trials. For active pharmaceutical 
substances, the probability of success (PoS) for translation to the market was 91% 
after their first submission, which reduces to only 17% for the first patient dose and 
7% for the first human dose. Only 5% make it to the first toxicity dose [43]. An 
estimated data of 108 k data points for 24 k unique drug developments performed 
from the year 2000 to 2018 provides interesting statistics [44, 45]: (i) three cancers 
with maximum DUD, viz., lung (1501), breast (1373), and colorectal (1351) can-
cers; (ii) three with minimum DUD hematological (141), testicular (123), and basal 
cell (123) cancers; (iii) for oncology PoS for DUD, ~ 3.3% and varies with cancer 
type, with breast cancer providing maximum PoS of 10.1%; and (iv) PoS of drug 
approval can be increased to 13.3% for all cancer types by careful selection of spe-
cific biomarkers in a patient.

Hence, in addition to the challenges of nanoparticle systems for cancer theranos-
tics, targeting specific cancer also determines the outcome of the clinical trials. 
Moreover, some cancer types are physiologically difficult for theranostics and, 
hence, offer an unexplored area for research and future market.

5  Preclinical Theranostics: The Missing Link to Clinical 
Theranostic Translation

Preclinical animal studies in multiple models and validation of their results are criti-
cal in initiating a clinical trial for nanotheranostic formulations. Mostly mice mod-
els have played a key role in elucidating the complex disease mechanisms underlying 
cancer formation, metastasis, and a variety of tumor-specific biomarkers and study-
ing their therapeutic [46]. Furthermore, the data generated about drug safety and 
toxicity during preclinical development provides a base to design dosing schedules 
in human clinical trials. Thus, rigorous evaluation of theranostic formulations sur-
rounding their safety and cytotoxic effects can warrant successful clinical transla-
tion and minimize failure rates in clinical trials. Furthermore, it is vital to formulate 
these formulations that do not significantly alter their physiological properties once 
they are in the human body [23]. Thus, systematic studies assessing interactions of 
nanotheranostic at the nano-biolevel are a crucial determinant of their success in 
clinical trials.
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The enhanced permeability and retention (EPR) effect plays a significant role in 
nanoparticles’ release from blood circulation to the tumor site and determines their 
effectiveness. Although there is a greater understanding regarding cancer vascula-
ture, the EPR effect varies across cancer patients, tumor types, and different tumor 
sites in the same patient [47]. Generally, preclinical studies employ the xenograft 
model to study the EPR effect, which often reports a high EPR effect and may be 
misleading. Thus, a deeper understating of the EPR effect is warranted at preclinical 
and clinical levels for an effective nanotheranostic translation [6].

6  Key Challenges of Cancer Nanotheranostics 
and Regulatory Process

Though theranostics combines diagnosis and therapy in a single system, it is tough 
to translate nanotheranostic from the lab to the clinic as multiple stages are involved 
before reaching patients. The main challenges in translating these nanotheranostics 
are biological barriers, theranostic composition, significant scale-up for industrial 
use, and regulatory processes [14].

6.1  Biological Barriers

The first and foremost hurdle is posed by the phagocytic cells. They may recognize 
nanoparticles as foreign entities and could lead to faster clearance from the blood 
via cytokine release. Other macromolecules could also potentially bind to nanopar-
ticles resulting in changes in their biophysical properties, which might cause serious 
side effects on the human body. The kidney filtrates the blood to remove waste 
material; hence size, shape, and charge of nanoparticles are the most crucial param-
eters for them to pass through these barriers. It was shown that spherical nanopar-
ticles of less than 6 nm diameter had greater renal clearance than those with >8 nm 
diameter. Therefore, it is also important to consider patients with kidney diseases.

The blood-brain barrier (BBB) poses another major challenge for brain cancer 
treatment. BBB is highly selective toward specific proteins, ions, and leukocytes 
[34]. One study demonstrated that nanoparticles with diameters of 20–70 nm are 
preferred for BBB transport [48]. In a study of rat brains, in situ perfusions and 
neutral and anionic nanoparticles were less neurotoxic than cationic ones [49]. 
Microglial cells play a crucial role in coordinating the inflammatory response in the 
brain; they can be negatively impacted due to nanoparticle accumulation at the 
tumor site. Hence, strategies to mitigate this negative effect are crucial in designing 
nanotheranostics [20]. Thus, it is of paramount importance to unveil biophysio-
chemical interactions of nanotheranostics at the nano-biolevel and elucidate such 
mechanisms.

A. J. Chavan



515

These biological barriers are also responsible for the nonspecific accumulation 
and distribution of nanoparticles in organs such as the liver and spleen, thus prevent-
ing them from providing therapeutic effect at the tumor site.

6.2  Commercialization Challenges

Before nanotheranostic can be upscaled for industrial use, it is essential to critically 
evaluate the efficacy and cost-effectiveness of theranostic formulation against cur-
rently available cancer therapies. Theranostic medicine possesses crucial challenges 
of the tedious and complex manufacturing process, which leads to variable size and 
shape, irreproducibility, and low yield; these factors limit its upscaling. Since ther-
anostic medicine involves biology, chemistry, and physics, a powerful collaboration 
across these disciplines and pharmaceutical industry partners and health authorities 
can pave the way toward the clinic’s successful translation of theranostic 
formulations.

6.3  Regulatory Process

A rapid and successful clinical translation of nanotheranostic demands clear guide-
lines from regulatory authorities regarding safety standards, quality control, and the 
manufacturing process of theranostic medicine to enable their smooth and rapid 
clinical translation [33]. Researchers must rigorously address issues of theranostic 
regarding their safety in human patients and their effectiveness compared to avail-
able treatment options. For successful clinical translation of theranostic product, it 
is imperative to initiate early interaction with health authorities while designing the 
clinical trial with data supporting the selection of patient group, study endpoints, 
and assessment of safety and efficacy. Careful planning of clinical trials will ensure 
a higher success rate in obtaining approvals and bringing these life-saving medi-
cines to the patients faster.

7  Key Strategies to Enhance Biocompatibility 
of Cancer Nanotheranostic

Among various technical difficulties, the fundamental problem that needs to be 
addressed urgently is their toxicity to human subjects. Generally, physical and 
chemical methods deployed to synthesize nanomaterials involve harsh conditions 
and chemicals leading to severe toxic products. Synthesizing nanomaterials using 
biological agents and tuning their physiochemical properties could make them more 
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biocompatible and thus reduce associated toxicity [50]. However, although biologi-
cal synthesis offers a sustainable alternative, it is also possible to produce severe 
toxic by-products. For example, using bacteria as biological agents to synthesize 
nanoparticles could lead to endotoxin contamination.

7.1  Biophysicochemical Properties

The biophysiochemical properties of nanoparticles are fundamental in determining 
their toxicity and safety in preclinical studies [35, 51]. For sufficient in vivo evi-
dence of a nanoparticle’s effectiveness, one needs to design nanoparticles’ size, 
shape, charge, coatings, and associated agents.

7.2  Toxicity

Successful clinical translation of nanotheranostics demands long-term toxicity stud-
ies detailing their uptake, clearance, and negative impact on humans upon prolonged 
accumulation. In recent years artificial intelligence methods have been used to pre-
dict toxicity without animal models [15]. At the cellular level, nanoparticles induce 
reactive oxygen species (ROS), leading to oxidative stress, DNA damage, and cell 
apoptosis [52]. At the systemic level, nanoparticles cause toxicity related to the 
gastrointestinal, reproductive, respiratory, cardiovascular, and immune systems 
[16]. Thus, integrating computational methods while studying toxicity in animal 
models can provide insights into nanoparticle toxicity quickly and cost-effectively.

The FDA, National Cancer Institute, and National Institute of Standards and 
Technology have jointly established the Nanotechnology Characterization 
Laboratory (NCL) to assist researchers in determining the toxicity and preclinical 
efficacy of their nanomaterials to enable researchers fast-track their research find-
ings into helpful therapy.

7.3  Nanomaterial Composition

Multiple therapeutic and diagnostic treatments lead to combinatorial dual therapy, 
which utilizes individual agents’ diagnostic and therapeutic properties in one sys-
tem. However, this therapy must be performed at the right balance of these two 
agents to avoid undesirable effects of overdosing, underdosing, toxicity, compro-
mised efficacy, irreproducible results, or a combination leading to a lengthy clinical 
trial process. It may also lead to failure in drug approval [53].
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8  Conclusion

Nanotheranostics holds a great promise to change current cancer diagnosis and 
treatment methods and allow real-time monitoring of drug release, distribution, and 
treatment response in patients. However, to make this medical revolution a reality, 
much work is demanded to prove its safety and efficacy in human patients. Rigorous, 
long-term toxicity studies, thorough analysis of risk-benefit profile, and cost of ther-
anostics are crucial for their successful use in the clinic. Artificial intelligence com-
putational methods will prove pivotal in driving successful clinical trials by enabling 
patient selection and enrollment and rapidly processing massive patient data. A 
multidisciplinary collaboration between researchers across medical science (cell 
and molecular biology etc.), physical sciences (chemistry, physics, etc.), computa-
tional science, health administrations (FDA authorities, medical boards, etc.), and 
strong support of industrial partners would lead to more nanotheranostics reach its 
market potential and help millions of patients who have cancer.
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