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ABSTRACT 

Cancer is responsible for a significant portion of disease-related death worldwide. In 
pathological words, cancer is described as the uncontrolled rapid multiplication of 
aberrant cells that can subsequently infiltrate into new locations. Malignant tumors 
with metastatic potential are the most common cause of cancer-related morbidity and 
so attract the most interest from scientists and researchers around the world. While 
new treatment and diagnostic procedures have significantly increased the survival rate 
of cancer patients, a complete cure remains improbable. Theranostic (combination 
of therapy and diagnostics) has developed as a cutting-edge strategy for cancer man-
agement, offering a two-pronged advantage. Nanoparticle can be tailored to develop 
theranostic capabilities resulting in nanotheranostics agents. Nanotheranostics hold 
enormous potential since they combine non-invasive disease detection and treatment 
with the exciting possibility of monitoring medication release and distribution in real 
time, anticipating and evaluating the therapy effectiveness. The clinical application 
of nanotheranostics would allow for earlier disease detection and treatment, as well 
as earlier response assessment, allowing for the screening of individuals who might 
respond to therapy and have a better chance of a positive outcome. This article discusses 
various nanotheranostics and their most recent developments in the fight against cancer.

Keywords: malignant tumor, cancer treatment, theranostics, diagnostic procedures, 
response assessment.

AIMS AND BACKGROUND

On a global scale, one of the most frightening health issues is cancer1. The under-
standing of cancer biology has greatly improved over the past few decades, but the 
mortality rates for many malignancies have little altered2. Cancer continues to place a 
significant socioeconomic burden on society and is now second only to heart disease 
in terms of causes of death and suffering globally. Clinical research is essential to the 
fight against cancer, and at an unprecedented rate, new findings are being applied to 
patients3. The use of nanotechnology in the pharmaceutical sector, often known as 
nanomedicine, has recently garnered a great deal of attention as a flexible method for 
targeted drug delivery and diagnostic procedures. Theranostic nanomedicines, which 
combine therapeutic and imaging capabilities on a single platform, have become the 
focus of scientists’ attention due to the monofunctional nanomedicines’ already en-
couraging outcomes. Nanotheranostics show enormous promise because they combine 
the exciting potential to track drug release and distribution in real time, predicting 
and proving the efficacy of the therapy, with the simultaneous non-invasive diagnosis 
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and treatment of diseases. These characteristics make nanotheranostics very alluring 
for improving therapeutic outcomes in cancer and other serious disorders4–7. Most 
complex nano formulations with theranostic properties have made great strides in 
recent years, improving diagnostic precision and therapeutic efficacy and displaying 
shining potential in future biomedical applications8–10. Numerous nanomedicines have 
in fact been successfully advanced to clinical trials at various stages, and some of them 
have received FDA (Food and Drug Administration) approval for clinical usage and 
show excellent performances. But there are still several challenges standing in the 
way of their clinical translations. For instance, nanotheranostics’ sensitivity, specific-
ity, and detection limit, which are advantageous for early-stage diagnosis, need to be 
further enhanced. Optimising the pharmacokinetic and pharmacodynamic features 
of nanotheranostics might further improve the therapeutic results by modifying the 
manufacture and characteristics of nanocarriers and the resulting nano formulations. 
Furthermore, during clinical trials, side effects, whether they can be short-term im-
munotoxicity or long-term toxicity, are the primary reason why nanotheranostics fails, 
which encourages researchers to create novel materials and methods to get around 
these fatal constraints11. There are several molecular imaging techniques employed, 
including ultrasound, computed tomography, X-ray scatter imaging, magnetic reso-
nance imaging (MRI), positron emission tomography (PET), optical imaging (OI), 
and single-photon emission computed tomography (SPECT). There are benefits and 
drawbacks to each of these methods that must be considered. Radiation treatment 
(RT), photothermal therapy (PTT), and photodynamic therapy are therefore commonly 
prescribed approaches for the treatment of tumors (PDT). Small molecules, proteins, 
oligonucleotides, polymeric nanoparticles, high-molecular-weight antibody, and their 
combinations with different kinds of nanoparticles have all recently been developed 
as various sorts of nanotheranostics contrast agents12.

IMAGING

Techniques for molecular imaging rely on in vivo molecular mechanisms (Fig. 1). 
This imaging method includes the molecular and cellular level observation, charac-
terisation, and quantification of biological processes in individuals and other living 
systems. Nuclear medicine, optical imaging, ultrasound, magnetic resonance imaging 
(MRI), magnetic resonance spectroscopy (MRS), and positron emission tomography-
computed tomography (PET-CT) are some of the methods employed13.

Fig. 1. Types of molecular imaging techniques13
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MAGNETIC RESONANCE IMAGING (MRI)

The imaging technology known as magnetic resonance imaging, or more often known 
as MRI, is primarily employed in medical contexts to provide high-quality images 
of the inside of a human body. Nuclear magnetic resonance (NMR), a spectroscopic 
method used by scientists to gather microscopic chemical and physical information 
about molecules, provides the theoretical foundation of the mechanism behind MRI 
(Ref. 14). A huge, round magnet surrounds a tube in an MRI scanner. The patient is 
positioned on a mobile bed that is introduced into the magnet for normal MRI testing. 
A powerful magnetic field produced by the magnet aligns the protons of hydrogen 
atoms so that they can be struck by a radio wave beam. This causes the body’s protons 
to spin, creating a weak signal that the MRI scanner’s receiver section may pick up. A 
computer processes the information from the receiver, and after that, an image is cre-
ated. Although MRI is effective for soft tissue and has excellent spatial and temporal 
resolution, it is noteworthy that it has limited sensitivity and a lengthy imaging time. 
As a result, adding contrast agents can improve the signal15. Ferromagnetic (nega-
tive agents) and paramagnetic materials are employed for this (positive agents). The 
main contrast agent for MR imaging was super paramagnetic iron oxide nanoparticles 
(SPIONs) (Ref. 16). Figure 2 depicts SPIONs with a total radius of the core with a 
shell and a water coat of 20 to 150 nm and a core radius of 5 to 15 nm. 

Fig. 2. SPIONs are depicted in a schematic diagram16

Ferumoxytol decreases T1 and T2* relaxation times because it belongs to the 
family of ultra-small SPIONs (USPIONs) (Ref. 17). Ferumoxytol has a therapeutic 
anti-cancer action, and intravenous treatment prevents liver metastases18. Addition-
ally, SPIONs in breast cancer can prevent neovascularisation and cause endothelial 
progenitor cells to undergo autophagy19. The cytoskeleton can be harmed by high 
dosages of SPIONs, which also slow down cell proliferation20. According to some 
reports, Fe3O4, Al2O3, and TiO2 have no detectable harmful effects at concentrations 
lower than 200 g/ml (Ref. 21). Gold nanoparticles can be employed for MR, photo 
acoustic, fluorescence, and X-ray scattering imaging since they lack this cytotoxic-
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ity22. Additionally, they generate heat when subjected to NIR laser light, making them 
appropriate for photo thermal treatment (PTT) of cancer23. So, as an MR imaging 
nanoprobe, various investigations have reported employing AuNPs ultra-small, and 
nanoclusters covered with natural tripeptide glutathione (GSH) (Ref. 24). As a result, 2 
nm-sized ultra-small GSH-coated AuNPs (AuGSH) are not stable in biological fluids. 
By substituting the negatively charged GSH (GSH has a net charge of 1) ligand for 
its zwitterionic derivative, glutathione monoethyl ester, a novel ultra-small AuNPs 
was created to get around size-dependent stability. The novel AuGSHzwt is more 
resistant to interactions with serum proteins and has better colloidal stability. It was 
determined that zwitterionic glutathione (AuGSHzwt) monoethyl ester surface-coated 
ultra-small AuNPs have greater aggregation resistance. Indeed, due to their small size 
and resistance to interactions with serum proteins, they are efficiently eliminated from 
the circulatory system25. The results showed that improving the density of ultra-small 
AuNPs ligands on their surfaces is crucial to improving their performance in imaging, 
especially for cancer therapy.

 Gadolinium is the most often used commercial contrast material in MRI, but 
due to its low molecular weight, it only lasts a brief time in the bloodstream26. Low 
molecular weight contrast compounds can be coupled to macromolecules like Gd-
DTPA-pullulan27, synthetic polymers, and synthetic particles to alleviate this issue. 
But gadolinium can cause an uncommon but serious condition called nephrogenic 
fibrosis28. Mn2+ and manganese oxide nanoparticles are two categories of manganese-
based contrast agents (MnONs). Mn2+ is a subpar contrast agent for MR imaging due 
to its short blood circulation time and toxicity at large doses29. MnONs have a low 
level of toxicity, which can reduce hypoxia and enhance therapy. In contrast to the 
gadolinium molecule, MnONs are now used in treatment and diagnosis more fre-
quently30. In general, several T1/T2-weighted contrast agents based on gadolinium 
(Gd), manganese (Mn), and iron oxide nanoparticles (Fe3O4 NPs) have been developed 
to improve image sensitivity in MRI. Gd has seen low blood flow rates and in vivo 
toxicity, both of which have the potential to lead to nephrogenic systemic fibrosis. Due 
to their inherent dark signals and susceptibility artefacts in MRI, SPIONs, particularly 
Fe3O4 NPs, have sadly been somewhat restricted in their clinical applicability. As a 
result, it is challenging to distinguish between small early-stage tumors and hypo 
intense regions. Mn-based compounds are therefore regarded as the best alternatives 
because to their strong signals and outstanding biocompatibility31. In addition to 
MnO, the scientists reported using trans esterified oleic acid with TETT silane (N-
(trimethoxysilylpropyl) ethylenediamine triacetic acid)32. Polyvinylpyrrolidone (PVP) 
has been coated on MnO nanoparticles (MnO@PVP NPs) by Hu et al.33 such that they 
can cross the blood-brain barrier (BBB) and gradually metabolise in other regions 
where blood is flowing. In 2020, the researchers used the ENO1 antibody to analyse 
Enolase 1 (ENO1)-targeted SPIONs to assess pancreatic ductal adenocarcinomas 
(PDACs), the most lethal cancer with a 5-year survival rate of 5% for all stages34. 
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Their findings show that this nanoparticle improves the effectiveness of PDACs early 
diagnosis MR imaging both in-vitro and in-vivo35.

SONOGRAPHY

Ultrasound is used in sonography, a real-time, non-invasive technique that produces 
sharp images of soft tissues. Non-microbubble contrast agents, such as echogenic 
liposomes, perfluorocarbon nanodroplets, solid nanoparticles, and gas-filled micro-
bubbles (with a gaseous core made of air, nitrogen, perfluorocarbon, and sulphur 
hexafluoride and a shell made of albumin, lipids, synthetic polymer, or galactose with 
a diameter of 2–1 m), are used in this modality. High sensitivity and specificity can be 
found in microbubble. The fact that B-mode ultrasound imaging has a low specificity 
for malignant lesions despite being extremely sensitive is noteworthy36.

 By adding concentrated microbubbles to it, one can make it more particular. 
According to ultrasound research, cavitation can increase the formation of nanopar-
ticles and the distribution of medications in tumors. For instance, under US advice, 
PEG-PDLA (polyethylene glycol-poly (D-lactide) nanoparticles) are employed to get 
over paclitaxel’s water solubility hurdles37.

COMPUTED TOMOGRAPHY (CT)

CT imaging is a different modality that offers benefits like high resolution, quick 
data gathering, deep tissue penetration, and simplicity in three-dimensional tissue 
reconstruction. However, it is limited in its ability to differentiate between soft tis-
sues of the same density and has a low signal-to-noise ratio (SNR)38. As a result, CT 
contrast media are used to improve the contrast of soft tissues. As contrast media in 
CT, atoms like iodine, tungsten, and barium are frequently utilised. As CT contrast 
media, gold nanoparticles (AuNPs) with a high X-ray absorption coefficient and 
nanoscale metal organic frameworks (NMOFs) with a high Z element content are 
now frequently utilised39. When NPs are employed, expected dosages of CT contrast 
moieties can be reduced. Due to this, NPs have lower number density, viscosity, and 
osmolality when compared to molecular contrast agents of the same concentration. 
Therefore, it is anticipated that administering nanoparticles CT contrast will reduce 
imaging duration and kidney damage40.

X-RAY SCATTER IMAGING

The difference in X-ray penetration intensity is the foundation of X-ray scatter 
imaging. This imaging technique has drawn a lot of attention because of the varia-
tions in X-ray penetration intensity brought on by variations in tissue thickness and 
density41. According to the findings of AuNPS investigations, these particles are the 
best contrast medium for X-ray scatter imaging because they have a larger atomic 
number than iodine nanoparticles and are less hazardous. In order to create contrast 
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when imaging hepatocellular carcinoma (HCC) cell pellets using X-ray scattering42. 
Rand et al. employed AuNPs coated with polyelectrolyte. They demonstrated that 
ultra-small AuNPs are more sensitive as a contrast medium in X-ray scatter imaging 
and are more effective than conventional X-rays diffraction in the diagnosis of small 
clusters of HCC. They evaluated 10 and 50 nm AuNPs (Ref. 43). 

OPTICAL IMAGING

Using various colours of light, optical imaging is a non-invasive technique that ena-
bles visualisation and measurement of various organ properties. This modality has 
a shallow penetration depth. Utilising near-infrared (NIR) light with a wavelength 
range of 650–900 nm is one way to solve this problem. Endoscopy, optical coher-
ence tomography (OCT), photoacoustic imaging (PAI), Raman spectroscopy, diffuse 
optical tomography (DOT), and super-resolution microscopy are new optical imaging 
as molecular imaging modalities. In this modality, utilising NPs has recently been 
taken into consideration. In a 2013 study, silica/poly (4-vinyl benzyl chloride-co-
pyrene-1-ylmethyl acrylate) core-shell particles had pyrene conjugated on the shell. 
The findings showed that the presence of pyrene in the polymer shell caused the high 
fluorescence intensity44. According to a recent study, UiO-66 (Universiteteti Oslo) 
is a metal organic framework formed of [Zr6O4 (OH)4] with 1,4-benzodicarboxylic 
acid within 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) lipid bilayer (DOPA-LB) 
(UiO-66@DOPA-LB), which has improved stability, outstanding blood circulation Ad-
ditionally, UiO-66@DOPA-LB labeled with the NIR dye IRDye 800 nm CW enabled 
the imaging of breast cancer tumors and the early detection of tumors45. Monoclonal 
anti-EGFR antibodies have been joined by Sokolov et al. to gold nanoparticles with 
diameters of 5 and 40 nm. Their findings demonstrated that gold nanoparticles as small 
as 5 nm exhibit high infrared absorption, and their photoacoustic signal is comparable 
to that of particles as small as 40 nm. Furthermore, they demonstrated that despite their 
small size, particles as small as 5 nm have good in vivo penetration and clearance46.

POSITRON EMISSION TOMOGRAPHY (PET)

Even while PET imaging is highly sensitive and has no depth penetration restrictions, 
it lacks the anatomical data necessary to identify molecular events. To get around this 
constraint, however, imaging techniques like CT and MRI are paired with PET. Multi-
modality imaging techniques like PET/CT and PET/MRI can be used to find lesions and 
tumors from both anatomical and functional perspectives. In 2019, scientists discovered 
a coated SPIONs with S-2-(4-isothiocyanato benzyl)-1,4,7,10-tetraazacyclododecane 
tetra acetic acid (DOTA) as chelators, N,N,N-trimethyl chitosan (TMC) and bombesin 
(BN) as targeted ligands. According to their findings, the nanoparticles were appropri-
ate for PET/MRI prostate, breast, and lung cancer diagnosis47.
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SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY

SPECT imaging relies on a less sensitive and precise method of detecting gamma 
rays than PET. According to reports, the preclinical investigation used micro-SPECT, 
which has a greater spatial resolution than PET. 99mTc imaging is the most helpful for 
this in this modality. Zhao et al. added 199Au to Au nanoparticles and used SPECT to 
analyse the results. They discovered that 199Au-doped Au nanoparticles might func-
tion as a C-C chemokine receptor 5 (CCR5)-targeted nanoprobe for the sensitive and 
accurate detection of both triple-negative breast cancer (TNBC) and its metastases48.

MULTI-MODEL IMAGING

As previously mentioned, multi-modal imaging has recently drawn a lot of interest 
due to the shortcomings of each imaging modality. Wei et al. tested the effectiveness 
of NaGdF4, CaCO3-PEG core-shell nanoparticles in the diagnosis of prostate tumors 
in 2017 using this method. Their findings show that the progressive dissolution of 
CaCO3 under the acidic conditions of the tumor environment enhances the collision 
of NaGdF4 with the surrounding aqueous media. The comfort of the water proton and 
the MRI signal are improved by this approach49. Additionally, it generates CO2 bubbles 
from the breakdown of CaCO3, which produces powerful echoes for ultrasound imag-
ing. Another study used the core-shell Up conversion nanoparticles (UCNP) coated 
with Porphyrin-phospholipid (PoP) to map lymph nodes. The findings showed that 
six methods, i.e. near-infrared (NIR), fluorescence (FL), NIR-to-NIR up conversion 
luminescence (UC), photoacoustic (PA), Cerenkov luminescence (CL), CT, and PET 
could be used to compute PoP-UCNPs (Ref. 50). Renal cell cancer was investigated51 
using AS1411-Manganese-Molybdenum disulphide quantum dots (Mn-MoS2 QDs). 
According to their findings, AS1411-Mn-MoS2 QDs offers a novel nanoprobe for 
MRI and fluorescence imaging and outperform Gd-DTPA as an MR contrast agent 
for renal cell cancer.

RADIATION THERAPY

Nanoparticles can be applied to both diagnostic and therapeutic purposes. The in-
ability of existing cancer medicines to destroy healthy tissues selectively is a crucial 
issue. Therefore, research efforts have concentrated on developing new targeted 
agents to reduce injury to healthy tissue. They can, for instance, encapsulate drugs 
like doxorubicin (DOX) and release them at specific locations, reducing systemic 
toxicity and enhancing pharmacokinetic profile52. In fact, nanoparticles enable the 
delivery of therapeutic medicines to certain tumor areas, reducing the toxicity of 
many treatments when administered off-target. Chemotherapy, which has major side 
effects, exhibits this53. In 2016, an injectable nanoparticles generator was loaded with 
polymeric doxorubicin (pDOX) (iNPG). The outcomes showed that iNPG-pDOX was 
superior to DOX alone in treating breast metastatic tumors54. It was discovered that 
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poly (d,l-lactide-co-glycolide) (PLGA) nanoparticles coated with chitosan might be 
employed as an oral drug delivery strategy for diosmin in 2019 (Ref. 55). Diosmin 
has anti-inflammatory, free radical-scavenging, and anti-ulcer effects56. However, 
this medication is poorly soluble and requires large oral doses57. The findings show 
that chitosan coated PLGA can lengthen the duration the drug spends at the delivery 
site, improve bioavailability, lower the dosage and frequency of administration, and 
lessen side effects58.

BIOLOGICAL EFFECTS OF NANOPARTICLES ON CANCER CELLS

The interactions between the nanoparticles and various cell types determine the in 
vivo deposition of nanomaterials in targeted and off-target tissues. It could be able to 
utilise the accumulation of treatments at target organs and minimise off-target expo-
sure by controlling these interactions. Because it can lessen the toxicity that occurs 
from drug interactions with off-target organs, more accurate targeting can increase 
the therapeutic index of chemotherapy treatments. Once nanoparticles enter cancer 
cells, their effects can be seen.

BOTH CANCEROUS CELLS AND EXPERT PHAGOCYTES ABSORB 
NANOPARTICLES VIA MULTIPLE METHODS

 The features of the nanoparticles themselves, such as the availability of ligand that 
attach and activate certain receptors on the cell surface, impact the endocytosis 
methods used by cells. Since most macromolecules and nanomaterials cannot pass 
through the cell membrane, both nutrition and nanoparticles are primarily delivered 
by energy-dependent methods of absorption59.

BLOOD/SERUM INTERACTION

Immediately after being exposed to biological conditions, nanoparticles quickly bind 
proteins to their surfaces. The protein corona is the name given to this layer, which 
has the power to alter the dimensions, structure, surface properties, aggregation state, 
and ensuing biological behaviours of the nanoparticles. In vivo nanoparticle destiny is 
influenced by this binding and activation60. Nanoparticle size and the surface chemistry 
both influence how quickly cells exocytose. The researchers found that in HeLa cells, 
nanoparticle exocytosis was 40% for transferrin-coated gold nanoparticles of 14 nm 
diameter, but only 10% for particles of the same size with identical chemical nature.

PROPERTIES OF NANOMATERIALS IMPACT ENDOCYTOSIS

Nanoparticles are prone to two conflicting processes after they reach the bloodstream 
and engage with serum proteins: removal via renal or phagocytic routes and retention 
into the tumor environment. The total bioavailability and pharmacokinetics seen for 
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nanomaterials rely on the relative rates at which these processes occur. Particularly, 
the size of nanoparticles has a significant impact on how quickly they enter cells.

DELIVERING CARGO TO PARTICULAR CELLULAR COMPARTMENTS 
USING NANOPARTICLES IS LIMITED BY ENDOSOMAL ESCAPE

Numerous nanoparticles have been seen to collect in endosomal compartments, where 
they may be broken down before they may have their intended therapeutic effect. The 
nanoparticles or its contents must enter additional cellular compartments in order to 
have a therapeutic potential. The influenza virus is one disease that is affected by this 
issue. In response, it has developed particular peptides that rupture or merge well 
with endosomal membrane and allow its cargo into the cell cytoplasm. To increase 
the transfection effectiveness of liposomes containing siRNA, the researchers used 
a synthetic peptide termed as “GALA” owing to the protein sequence’s repeating 
unit. This peptide performs a structural shift at pH 5.0 (the normal acidity in late 
lysosomes) to create an amphiphilic alpha helix which destroys phospholipid bilayer 
and induces endosomes to leak, similarly to the influenza peptide previously stated. 
They consequently noticed that after altering their liposomal constructs with GALA, 
the transfection effectiveness of those constructs was 100 times greater (objectively 
measured in this case as the production of luciferase). Substantial improvements in 
their effectiveness may also be achievable if comparable methods are used for other 
sorts of nanoparticles61.

RATES OF ACCUMULATION ARE DETERMINED BY EXOCYTOSIS OF 
NANOPARTICLES

Nanoparticles can release their cargo to have a therapeutic effect after being endo-
cytosed by cancer cells or phagocytes. The intensity of this action, however, partly 
depends on how rapidly the nanoparticles accumulate inside cells and how long they 
stay there. A different method for enhancing the medicinal effect of nanoparticles is 
to manipulate the rate of exocytosis. The concentration of nanoparticle inside cells at 
a particular period varies depending on the relative levels of endocytosis and exocy-
tosis. Nanoparticle size and the surface chemistry both influence how quickly cells 
exocytose. The researchers found that in HeLa cells, nanoparticle exocytosis was 
40% for transferrin-coated gold nanoparticles of 14 nm diameter, but only 10% for 
particles of the same size with identical chemical nature62. The researchers demon-
strated that exocytosis of nanoparticles with just an aroma existing role at the end of 
a cation PEG modification was larger than that of nanoparticles with a hydrocarbon 
surface functionality63.
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TYPES OF METALLIC NANOPARTICLES

Many nanoparticles are employed (Fig. 3). The following are a few of the most typical 
nanoparticles employed here:

– Gold nanoparticles
– Silver nanoparticles
– Zinc nanoparticles
– Iron nanoparticles

Fig. 3. Different types of metallic nanoparticles used for cancer theranostics

IRON AND IRON OXIDE NANOPARTICLES

Iron(III) oxide, usually called as Fe2O3, represents one of the three primary oxides of 
iron, another two including FeO and Fe3O4. It is a reddish-brown, inorganic material 
with a paramagnetic characteristic. Superparamagnetic in natural, Fe3O4 also occurs 
in nature as the mineral’s magnetite. Superparamagnetic iron oxide nanoparticles 
(SPION) are now attractive candidates for a wide range of biomedical purposes due 
to their nano size, saturation magnetisation, and bio-compatibility. These applications 
include targeted drug administration and image analysis, heat exhaustion, genetic ma-
nipulation, cell therapy monitoring, single – molecule monitoring, magnetic separation 
techniques (like rapid DNA sequencing), early recognition of acute inflammation, 
cancer, and diabetes, and more64. For any of these biomedical applications providing 
high-resolution MR imaging, the nanomaterials must have high magnetism values. 
Superparamagnetic nanoparticles are typically decent imaging sensors that can be 
employed as contrast agents for MRI because they greatly alter the MR sensitivity 
for detecting while maintaining its in vivo stability65. In the subjected to a magnetic 
field, SPIONs assist external biofluid protons in calming more rapidly, which leads 
to a non-homogeneous magnetic force. These substances are employed as contrast 
media for imaging purposes in MRI because of their feature66. The impact strength that 
SPIONs undergo because of Neel relaxation that results in hyperthermia is thought 
to be the cause of their therapeutic effects. Apoptosis, the induction of immune func-
tion, a spike in tumor blood circulation and oxygen, and other subcellular events can 
contribute to hyperthermia, which itself is defined as a rise in the environment of 
a tissue’s temperatures to 40–45°C. Cell death is the outcome of these activities67. 
The effectiveness of the IONPs was assessed in in-vivo and in-vitro by MRI after the 
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researchers created them and coupled them with the therapeutic drug methotrexate 
and the targeted ligand chlorotoxin. Their research showed greater cytotoxicity in 
cancerous cells, indicating the potential for these multifunctional nanoparticles to 
be used in the diagnosis and therapy of cancer68. For diagnosing pancreatic cancer, 
the researchers created imaging contrast agents employing SPION that has a bovine 
serum albumin cap. Their deployment of these SPIONs as T2-weighted MRI contrast 
agents was ensured by the 13.3:1 r2:r1 ratio. The capability combined near-infrared 
(NIR) fluorescent dye as well as mAbs for the targeted bi-modal imaging of pancreatic 
cancer has been improved through further conjugation69.

GOLD NANOPARTICLES

A dispersion (or colloid) of gold nanoparticles is referred to as Au nanoparticles, also 
referred to as gold nanoparticles. These colloidal solutions have a long tradition, go-
ing back to the ancient era where they were employed to decorate glass with stains. 
However, Michael Faraday’s study from the 1850s, in which he noted that now the 
colloid gold solution has characteristics that are distinct from the mass gold, began 
the process of the scientific analysis of colloidal gold. These gold nanoparticles’ in-
triguing visual characteristics are the result of a special contact they have with light. 
The excited electrons of the metallic nanoparticles oscillate in relation to the metallic 
structure in the availability of the light’s fluctuating electrical waves. Plasmons are 
aggregate vibrations of free electrons that are quantisation, and surface plasmons are 
collectively vibrations of electron that are present at the surface. Surface plasmon 
resonance is a phenomenon in which these plasmons combine with visible region. 
Every one of the features of Au that are radioactive such as scattering and absorption 
and nonradioactive (such as the transformation of light that is absorbed to temperature) 
is enhanced by SPR because it creates strong electromagnetic energy on the particle 
surface70. By specifically delivering AuNPs to the nucleus of cancer cells, it has been 
demonstrated71,72 the utilisation of metal nanoparticles for medical diagnostics. They 
attached an arginine-glycine-aspartic acid peptides (RGD) as well as a nuclear localised 
signaling peptide (NLS) to something like a 30-nm AuNPs through PEG in effort to 
specifically convey that AuNPs into in the cancerous cell’s nucleus. The absorbance 
of spherical gold nanoparticles has not proved satisfactory for in vivo applications. 
The maximum absorption coefficients have been restricted around 520 nm for 10 nm 
diameter, which explains this. The tissue scarcely warms up in the absence of a rod-
shaped gold nanoparticles featuring IR absorption when laser beam in the IR region is 
aimed towards malignancies, but the nanorods transform light into heat, killing the 
cancer cell. The gold nanorods’ prospective use distinguishes these from many other 
nanoprobes73. Small nanoparticles are preferable for PTT since light is predominantly 
absorbed by them and is effectively turned into heat, but large nanoparticle is chosen for 
imaging due to increased scattering efficacy74. The scientist created a nanocomposite 
including biopolymer chitosan and highly fluorescent Au nanoclusters, which could 
be easily reduced to nanoparticles to make a stable polyplex with the suicide gene 
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for inducing apoptosis in cervical tumor cells. Despite the use of additional colours, 
synchronous red, green, and blues fluorescence from nanoclusters served as useful 
optic image and flows monitoring probes (Fig. 4)75.

Fig. 4. Chitosan nanoparticles with concurrent RGB emission Au nanoclusters for cancer gene thera-
nostics75

AuNP have also been investigated as effective radio sensitisers, where they make 
cancer cells more sensitive to radiation by changing their microenvironment. AuNP 
have all shown promise, but they also have disadvantages like a high cost and pro-
longed retention in the hepatic, spleen, or other tissues. Before AuNP may be applied 
clinically, these problems must be resolved76.

SILVER NANOPARTICLES

Silver nanoparticles are tiny silver particles, ranging in size from 1 to 100 nm. Some 
materials, despite being widely referred to as “silver,” include a significant amount 
of silver oxide because of the huge proportion of surfaces to mass silver atoms. Ionic 
silver seems to have a lengthy history and was first employed to yellow-stain glass, like 
gold nanoparticles. There is currently works being done to include nano particles into 
a variety of medical products, such as surgical masks, bone cement, and other items. 
Ionic silver has also been demonstrated to be effective in curing wounds when used in 
the proper dosages. These nanomaterials have gained a lot of attention in bioimaging 
utilising SERS due to their appealing physiochemical characteristics. The researchers 
showed that silver nanoparticles react to HIV-1 in a size-dependent manner, having 
particles confined to the 1–10 nm range adhering to the virus77. The scientists created 
biocompatible AgNPs using chitosan that was surface coupled with FA and tagged 
with such a p-amino thiophenol Raman detector molecule. It was demonstrated that 
the particles’ SERS identity is strongly conserved inside cells. An effective therapeutic 
response was obtained by the targeted therapy of cancer cells using an NIR laser in 
resonant with their plasmonic band. These nanomaterials are a strong contender for 
application as individualised cancer therapeutics since they combine the benefits of 
multimodal optical imaging, SERS detection, and hyperthermia characteristics through 
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site specificity78. The researchers functionalised four Raman-active molecules, four 
antibodies specific to breast cancer indicators, a leukocyte-specific CD45 marker, and 
tunable Ag-Au nanorods with limited surface-enhanced Raman scattering (SERS) as 
well as excellent photothermal contrast. When compared to standard Ag nanorods, 
a SERS signal boost of further then 2 orders of magnitude could be seen employing 
these mixed nanostructures (Fig. 5)79.

Fig. 5. Diagrammatic representation of spectral data for four SERS nano-agent groups79

ZINC NANOPARTICLES

Numerous studies have focused on the potential use of zinc oxide (ZnO) nanomateri-
als in the treatment of cancer. ZnO is a common wide band-gap semiconductor that 
finds use in a variety of scientific fields. Wide band-gap semiconductor features are 
effective at promoting the formation of ROS, whilst its inherent photoluminescence 
properties are valuable in biosensing applications. The most significant and distinctive 
characteristic of zinc oxide nanoparticles is their inborn predisposition for in vitro 
cytotoxicity against cancer cells. This trait is the result of their capacity to trigger 
the formation of ROS, which causes cell death80. Since the nanocrystal quality also 
declines as ZnO particle size drops, significant concentrations of gaps and/or protons 
are present in nanosized ZnO even in the absence of UV radiation. As a result, there 
are more oxygen vacancies, Zn ions, and donor/acceptor impurities in the interstitial 
space. These crystal flaws have the power to generate lots of electron-hole pairs, which 
leads to the generation of ROS (Ref. 81). ZnO nanoparticles can act synergistically 
with chemotherapeutic drugs and are a good option for theranostic use since they 
naturally possess luminescent characteristics and have selective anticancer activity. 
According to the investigations, ZnO nanowires are used for imaging and medication 
delivery. Integrin v3 on U87MG adult glioblastoma cells was optically imaged using 
RGD peptide-conjugated green fluorescent ZnO nanowires82. The scientists found 
that doxorubicin-loaded ZnO are created to have a synergistic antitumor effect. When 
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combined with doxorubicin, ZnO nanoparticles showed more cytotoxic than either drug 
by itself. But the cytotoxicity of drug-loaded nanoparticle was significantly higher. 
This demonstrated that the synergistic cytotoxicity caused by the co-administration 
of doxorubicin as well as zinc oxide nanoparticles resulted in increased anti-cancer 
activity83.

TARGETED THERAPY

The goal of targeted therapy is to specifically treat cancer cells while sparing healthy 
cells any harm. This goal has rarely been met. Prior to eradicating too many healthy 
cells, the objective is to eradicate all malignant cells. With conventional chemotherapy, 
which is toxic to both healthy and malignant tissues, this is challenging. Using several 
processes, such as passive and active targeting, nanotechnology can be employed to 
increase drug accumulation specifically to the tumor location. Additionally, as the 
immune system is highly specialised to specifically recognise and eliminate target 
cells, activation of the immune system against cancer cell-specific surface markers 
can be exploited as a targeted therapy.

DRUG CARRIER NANOPARTICLES

By improving the medication delivery specifically to the tumor site through either 
passive or active techniques, NP-based therapy can offer a notable benefit over con-
ventional chemotherapies. Clinically, the EPR effect has been used to administer drugs 
through passive accumulation of NPs at the tumor site using the NP formulations 
Myocet and DaunoXome, which are liposomal versions of the drugs doxorubicin and 
daunorubicin, respectively. The NP must circulate for a lengthy period in the blood for 
maximum tumor uptake via the EPR effect, which is frequently accomplished through 
PEGylation of the NP (Ref. 84). This is probably because the medication only reaches 
a tiny part of the tumor’s cells due to low tumor penetration. Doxil’s therapeutic ef-
fectiveness is enhanced both in vitro and in vivo by the attachment of a tumor-targeting 
antibody to its surface, which increases the drug’s uptake by tumor cells85.

DRUG CARRIER STEM CELL

For usage as drug and NP carriers, adult stem cells including mesenchymal and neu-
ral stem cells have recently attracted a lot of attention. The objective is to actively 
deliver the therapeutic payload or imaging agent to the tumor site by taking use of 
the tumor homing abilities of these stem cells. Stem cells can find their way to the 
tumor location, whereas NPs with active targeting improve the likelihood of adher-
ing to and being internalised by tumor cells. This active targeting is distinct from the 
active targeting accomplished with NPs alone. Mesenchymal stem cells (MSCs) and 
neural stem cells are two forms of adult stem cells that have been investigated (NSCs). 
Both can be implanted into rats and loaded with NPs without impairing their normal 
cellular function. For at least 6 weeks following implantation, both can be monitored 
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using MRI (Ref. 86). Combining stem cells and NPs can enhance stem cell-mediated 
drug delivery through imaging and encourage the active targeting of NPs to a greater 
percentage of cancer cells.

T-CELL BASED IMMUNOTHERAPY

Some NP-based treatments for diabetes, rheumatoid arthritis, and transplant rejection 
target T cells87. In these situations, the intention is to suppress the immune response in 
order to avoid infection or transplant or implant rejection. On the other hand, cancer 
immunotherapy calls for reversing the immune system’s usual suppression in the tu-
mor microenvironment88. Immune system white blood cells called T cells play a role 
in cell-mediated immunity. In order to promote specific cancer cell killing, adoptive 
T cell therapy entails extracting T cells from patients and activating them against a 
tumor antigen ex vivo before putting them back into the patient89. This autologous 
T cell therapy has demonstrated promise in some melanoma patients90 and in fact, 
it is now the norm of care for some cancer patients who have experienced relapses. 
By offering a method of real-time imaging, the application of nanotechnology to T 
cell-based immunotherapies can help advance knowledge of T cell trafficking and 
enhance therapy as an adjuvant.

DENDRITIC CELL BASED IMMUNOTHERAPY

A DC vaccine (a DC laden with antigen) is used in dendritic cell (DC)-based immu-
notherapy, and this DC must travel to lymph nodes in order to present antigens to T 
cells, which in turn trigger an immune response. Antigen is typically ex vivo loaded 
into autologous DCs before being injected back into the patient as a therapy. Since 
only a few numbers of activated DCs can trigger a potent immune response, this path-
way for cancer immunotherapy can be quite robust. Although only in a small subset 
of patients, a handful of clinical trials using DC immunotherapy against cancer have 
demonstrated feasibility and effectiveness91. By enabling real-time tracking to identify 
hazards and monitor response, the introduction of nanoscale imaging methods to DC-
based medicines should hasten their widespread translation into the clinic more clearly.

CONCLUSIONS

Oncology is one of the disciplines that have benefited the most from nanotechnology. 
A wide acceptance of cancer nanotechnology will come from a better understand-
ing of how nanoparticles interact with biological systems; how multiple functions, 
including imaging and therapy, can be incorporated in a single nanoplatform; and 
how to harness the unique physicochemical properties of nanoparticles that do not 
otherwise exist in small-molecular-weight molecules for the detection and destruc-
tion of cancer cells with high selectivity and efficiency. Whereas researchers have 
successfully introduced a few nanotechnology-based anticancer therapeutic agents, 
such as liposomal doxorubicin (Doxil) and human serum albumin-bound paclitaxel 
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(Abraxane), into the clinic, targeted delivery of nanoparticles for treatment of cancer 
has yet to live up to its promise. The major challenges in successful clinical translation 
of targeted delivery of nanoparticles include overcoming various biological barriers 
and demonstrating better therapeutic efficacy than that of the current standard of care 
in the clinic. Understanding these challenges is imperative for effectively moving the 
field of cancer nanotheranostics forward.
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