
REVIEWPREMIER JOURNAL OF SCIENCE

1

Applications of Nanotechnology in Medicine with a Focus on 
Diagnostic Imaging
Mostafa Farghal1,2

ABSTRACT
Nanotechnology has emerged as a transformative 
approach in medicine, with extensive applications in 
diagnostics and therapeutics. In diagnostic imaging, 
it has significantly enhanced accuracy, sensitivity, and 
specificity in disease detection, surpassing traditional 
imaging modalities. Nanoparticles, such as magnetic 
and gold nanoparticles, have contributed to 
improved resolution and contrast, enabling earlier 
and more precise diagnoses such as the use of 
superparamagnetic iron nanoparticles in detecting 
early-stage tumors. Despite its promise, the clinical 
application of nanotechnology faces significant 
challenges, including high costs, lack of standardized 
regulatory frameworks for its use (such as guidelines 
for follow-up evaluation), and concerns about the 
long-term safety of nanoparticles. For example, the 
accumulation of nanoparticles in the body affects  
the immune, respiratory, and cardiovascular systems. 
Addressing these issues requires further research to 
ensure its safe and effective integration into clinical 
settings. Although the existing literature provides 
valuable insights into nanotechnology applications, 
it often tends to be either too specialized or overly 
general, creating a gap in the comprehensive knowledge 
regarding its role in diagnostic imaging. This review 
aims to provide a comprehensive overview of the role 
of nanotechnology in diagnostic imaging, focusing 
on its applications in enhancing techniques such as 
magnetic resonance imaging, computed tomography, 
and ultrasound. It also explores current challenges and 
future directions, emphasizing the need for continued 
research to fully realize the potential of nanotechnology 
in clinical practice. Future research should focus on the 
development of nanoparticles with no adverse health 
effects, the creation of techniques to assess the long-
term health impacts of existing nanoparticles, and 
the establishment of international standards for their 
clinical use.
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Nanoparticles, MRI, Biosensors

Introduction
Nanotechnology is a recent scientific approach that en-
ables the manipulation of materials at the molecular 
level, profoundly altering their physical and chemical 
properties.1 Over the last decades, the integration of 
nanotechnology into medicine, commonly referred to 
as nanomedicine, has revolutionized the field of health 
care. Nanoparticles have emerged as versatile tools in 
various medical applications, including advanced di-
agnostic instruments, targeted drug delivery, biomed-
ical implants, and tissue engineering.2 Nanoparticles, 
typically ranging from 1 to 100 nm in size, exhibit 
unique properties that differentiate them from bulk 

materials, offering unprecedented precision in medi-
cal interventions.3 Due to their nanoscale dimensions, 
nanoparticles can interact with biological systems at 
a cellular and molecular level, providing innovative 
solutions for disease diagnosis and treatment.

One of the most important types of nanoparticles is 
gold nanoparticles (AuNPs), which have been widely 
used for medical and non-medical applications due to 
their unique properties. They are inert, biocompatible, 
and notably low in toxicity. They can be produced on a 
large scale by reducing the oxidation of gold Au+1 (au-
reus) or Au+3 (auric) to Au0 by a reducing agent through 
various physical, chemical, and biological methods 
under different circumstances.4 Another important 
type of nanoparticles is magnetic nanoparticles, 
characterized by their unique finite-size and surface 
effects that dominate their magnetic behavior. These 
nanoparticles exhibit properties such as high field irre-
versibility, high-saturation magnetization, superpara-
magnetism, additional anisotropy contributions, and 
shifted hysteresis loops following field cooling.5

Recent advancements have shown that nanomed-
icine, particularly in vitro diagnostics, significantly 
enhances disease diagnosis through improving the 
capture of rare biological targets and amplifying signal 
transduction during target analyte recognition.6 The 
development of nanodiagnostics platforms, including 
point-of-care devices, holds immense promise for early 
disease detection and molecular diagnostics, offering 
simple and rapid alternatives. However, despite the 
rapid progress in this field, challenges remain, partic-
ularly regarding the long-term safety of nanoparticles 
in clinical use.6

Despite the significant advancements in nanotech-
nology applications across medical fields, particularly 
in diagnostic applications, the existing literature often 
lacks a comprehensive, cohesive review that bridges 
the gap between highly specialized and overly general 
studies.

Many reviews focus narrowly on specific diseases 
or technologies, such as nanotechnology’s role in di-
agnosing coronary artery disease or its applications 
in diabetes management.7–9 Although these reviews 
provide valuable insights into niche applications, they 
may not offer a broader perspective on how nanotech-
nology is transforming diagnostic imaging. Conversely, 
broad reviews tend to overlook critical advancements 
in diagnostic imaging by providing generalized sum-
maries that do not explore the full potential of nano-
technology in enhancing disease identification and 
imaging resolution.10–12

The objective of this review is to fill this gap via fo-
cusing specifically on the use of nanotechnology in 
diagnostic imaging, offering an in-depth exploration 
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of current advancements and future potential in this 
area. By concentrating on the unique capabilities of 
nanoparticles such as quantum dots, AuNPs, and mag-
netic nanoparticles, to enhance imaging modalities 
like magnetic resonance imaging (MRI), ultrasound, 
and computed tomography (CT), this review seeks to 
provide a more targeted understanding of how nano-
technology is reshaping diagnostic applications.13,14 
This review highlights the emerging trends and chal-
lenges that remain in integrating nanotechnology into 
routine diagnostic imaging practices.

Diagnostic Applications of Nanotechnology in Medicine
Visible symptoms of diseases are commonly used by 
medical professionals to identify diseases. In the last 
decades, nanotechnology has emerged as a new tool 
for diagnosing diseases with high efficiency and sen-
sitivity.1 Nanodevices are utilized for early and fast 
disease diagnosis for further medical procedural rec-
ommendations. These devices utilize nanotechnology 
for disease predisposition at the molecular and cellu-
lar level.15 Nanotechnology applications in the medical 
field have revolutionized the sector of healthcare diag-
nostics through improving the accuracy, sensitivity, 
and speed of medical diagnostic tests.16

There are multiple applications of nanotechnology 
in the diagnostic medical sector, such as nanoparti-
cle-based diagnostic imaging, whereas nanoparticles 
are annexed to specific biomarkers to improve imaging 
modalities. MRI, CT scans, and ultrasound scans are 
examples of nanoparticle-based diagnostic imaging.17 
Biosensors represent another application of nanotech-
nology, whereas nanotechnology has been employed 
for the creation of sensitive biosensors able to estimate 
low levels of biomolecules in bodily fluids including 
urine and blood, facilitating early disease detection.18

One of the primary innovations is the use of nanopar-
ticles, such as quantum dots and AuNPs, in imaging 
modalities like MRI, CT, positron emission tomography, 
and ultrasound. These nanoparticles enhance contrast, 
allowing for a more detailed visualization of tissues at 
the molecular level, thus enabling earlier detection of 
diseases, such as cancer.19 Quantum dots have demon-
strated superior photostability and tunable fluorescence 
properties, making them ideal for tracking molecular 
changes in real time.20 In addition, AuNPs improve the 
efficacy of optical imaging via scattering and absorbing 
light at specific wavelengths, improving the resolution 
of the imaging techniques.21 This progress in nano-
technology is crucial for identifying diseases at earlier 
stages, enabling timely interventions and eventually 
improving patient outcomes.21

Moreover, the integration of nanotechnology into 
biosensor development has enabled rapid and precise 
detection of biomarkers for several diseases. Nanoscale 
biosensors, often incorporating nanoparticles or 
nanowires, can detect extremely low concentrations 
of biomarkers in bodily fluids such as blood, saliva, 
or urine, facilitating early diagnosis of conditions 
such as diabetes, cancer, and gastrointestinal and 
cardiovascular diseases.22 The sensitivity of these 

devices is due to the high surface-to-volume ratio of 
nanoparticles, which increases binding efficiency to 
target molecules.6 Nanotechnology-based diagnostics 
hold the potential to transform personalized medicine, 
enabling medical professionals to identify diseases 
before clinical symptoms appear and tailor treatment 
plans based on the molecular profile of the patient.6,9

Nanotechnology in Diagnostic Imaging
Due to the unique optical, magnetic, and electrical 
properties of nanoparticles at the nanoscale, they 
have been utilized in imaging applications. The ad-
vancement in the engineering field has resulted in 
multimodal imaging methods combining information 
from two modalities to provide in-depth clinical infor-
mation.23 Nanoparticles are considered the front driv-
ers of such next-generation multimodal technologies 
because they provide an abundance of surface area 
for the functionalization of various reporters; for ex-
ample, surface ligands to facilitate stimuli-responsive 
behavior and site-specific localization. Moreover, the 
majority of imaging agents used in the past have been 
organic or organo-metallic compounds that suffered 
from inherent limitations, such as poor contrast gener-
ation or photobleaching.21,23

In the case of imaging, the association of a contrast 
agent with tumors through bonding of the surface 
ligands of nanoparticles to the cancer biomarker has 
significant use in tracking the diagnosis. However, 
identification of appropriate ligands that bind to the 
cancer biomarker is still a key challenge.23 Contrast 
agents are often used to track a particular physiological 
process during imaging, and nanoparticles have a 
significant role in the future of medical diagnostics 
because of their advantages over the conventional 
contrast agents (Figure 1).23 Examples include 
controlled biological clearance pathways, specific 
molecular targeting capabilities,24 and the prolonged 
blood circulation time, which provide a longer time 
for imaging. This offers an advantage over contrast 
agents made from particles larger than 1 µm, which 
are rapidly cleared by the body’s reticuloendothelial 
system following injection into the bloodstream.24

Magnetic Resonance Imaging
MRI is a commonly used non-invasive clinical imaging 
tool, which works on the principle of nuclear magnetic 
resonance.25 Gd(III)-based T1 contrast agents have 
dominated the clinical imaging domain for a long 
time while iron oxide nanoparticle-based T2 contrast 
agents, previously approved for clinical use, have 
been withdrawn due to poor clinical performance 
(Figure 2).26 However, the incidence of nephrotoxicity 
caused by Gd(III)-based contrast agents has been 
reported, while iron oxide nanoparticles have been 
widely biocompatible.27 On the other hand, size control 
of the iron oxide nanoparticles in the 1–100 nm  
range resulted in controlled magnetic properties 
ranging from paramagnetic to ferrimagnetic, which 
significantly improves their application and clinical 
performance as a T1 or T2 contrast agent.28
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Nanotechnology implementation in the medical 
imaging sector has several advantages. Iron-based 
nanoparticles cause a change in the magnetic field, but 
gold-based nanoparticles are non-paramagnetic and 
do not affect the contrast of the tissues or blood.28,29 
MRI contrast agents require alteration of the proton re-
laxation and must be able to perturb the local magnetic 
field around the proton. The perturbing field in the MRI 
generated by superparamagnetic particles can extend 
up to 50 times its diameter, impacting water protons 
in several surrounding cell layers.24 However, the use 
of AuNPs is less common due to their lack of magnetic 
properties.

Despite this, Faradaic AuNPs, which gain their 
magnetic properties through oxidation or reduction 
reaction, hold potential for MRI applications.30 

Superparamagnetic nanoparticles, with iron oxides 
and a carbohydrate or polymer coat, play a key role 
in various MRI systems, including cardiovascular 
molecular imaging.30 The size, physical properties, 
and pharmacokinetics of magnetic nanoparticles make 
them appropriate for molecular and cellular imaging 
of atherosclerotic plaques and myocardial injury. 
Targeted imaging with magnetic nanoparticles is being 
actively investigated, and improvements in contrast-
enhanced MRI have been of great interest.31

Ultrasound
Ultrasound is characterized by frequencies exceeding 
20 kHz, which is the upper audible threshold in 
healthy adults. The ultrasound technology was 
initially employed for submarine detection, and 

Fig 1 | Different forms of the magnetic nanoparticles with diagnostic and therapeutic applications of cancer63

Fig 2 | Illustration of using nanoparticles for magnetic resonance imaging66
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then its application has expanded from the military 
to medical fields.32 This expansion is due to its non-
invasive, real-time, and portable characteristics, 
combined with high safety and low cost. Ultrasound 
has been extensively developed as a versatile tool 
for biomedical applications, adopting different 
parameters.33 Currently, diagnostic imaging and 
therapeutic interventions are considered the two 
main domains of ultrasound applications. Ultrasound 
imaging provides detailed anatomical information into 
targeted areas or tissues, leveraging the principle that 
backscattered signals from acoustic waves vary with 
ultrasound contrast agents and tissue composition.34 
Ultrasound plays an essential role in disease diagnosis, 
facilitates the controlled release of therapeutics, 
opens the blood−brain barrier, and induces elevated 
temperatures.35

Nanomedicine has not only significantly enhanced 
the diagnosis and treatment of diseases but also 
stimulated the development of related medical 
devices and new biomaterials.36 The synergy of 
ultrasound and nanotechnology has stimulated 
ultrasound-based medicine, evidenced by the 
increasing number of articles on ultrasound and 
nanomedicine.37 Rapid innovations and progress in 
research on ultrasound biomedicine, employed in 
disease diagnosis, treatment, and theranostics, have 
occurred in the last decade.38 This progress resulted 
in a mass of multifunctional nanosystems such as 
polymers, liposomes, micelles, dendrimers, inorganic 
nanoparticles, and microbubbles, which have been 
used in ultrasound-mediated diagnosis, treatment, and 
theranostics for various diseases (Figure 3). Ultrasound-
mediated biomedical imaging, ultrasound-enhanced 
drug release and gene transfection, ultrasound-
triggered therapy, ultrasound-based synergistic 
therapy, and ultrasound-based theranostics are 
examples of these applications.39,40

The engineering of ultrasound-responsive nano
structures requires careful consideration of their size, 
composition, and morphology to ensure appropriate 
acoustic properties and biological interactions.41 
Surface functionalization strategies play a pivotal 
role in refining these ultrasound-based nanosystems. 
Techniques such as polyethylene glycol modification, 

or PEGylation, are employed to enhance the blood 
circulation longevity of these systems.41 In addition, the 
modification of targeting ligands on the surface of these 
systems is crucial for enhancing their accumulation 
in targeted lesion tissues, thereby improving the 
efficacy and specificity of diagnostic applications.40,41 
Moreover, the intrinsic physicochemical properties 
and unique biological effects of ultrasound and 
ultrasound-triggered nanoplatforms are leveraged to 
achieve effective and safe theranostic applications. 
The interaction of nanosystems with ultrasound 
waves could induce various biological effects, such 
as localized hyperthermia or enhanced permeability 
in targeted tissues, which can be exploited for 
therapeutic purposes such as drug delivery or gene 
transfection.39,41

In the field of ultrasound-based biomedicine, organic 
nanosystems primarily comprise lipid-based, polymer-
based, and microporous organic polymer-based 
nanomaterials, which are characterized by exceptional 
biocompatibility, superior biodegradability, and 
facile fabrication processes.41 On the other hand, 
inorganic nanomaterials are distinguished by their 
superior physiological and chemical stability and 
multifunctional capabilities.35 The recent progress in 
the development of inorganic nanomaterials enhanced 
their applications as novel agents for ultrasound-
induced theranostic applications, specifically targeting 
a range of diseases, including noble metal-based, 
titanium-based, metal oxide-based, silica-based, and 
carbon-based nanomaterials.37,41 Other nanomaterials 
such as Hollow Prussian blue nanoparticles with 
porous shells have been synthesized for light-
responsive ultrasound imaging.42 Solid nanoparticles 
can improve ultrasonic grayscale images in both tissue 
phantoms and live mouse livers. For instance, silica 
nanospheres (100 nm) dispersed in agarose at a mass 
concentration of 1–2.5% have been imaged using a 
high-resolution ultrasound system with a transducer 
center frequency of 30 MHz. Additionally, this study 
investigated polystyrene particles of various sizes 
(500–3000 nm) and concentrations (0.13–0.75% 
mass), which were dispersed in agarose and imaged 
under similar conditions.43

Fig 3 | Illustration of ultrasound imaging using blinking nanoparticles67
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Jawaid et al.44 explored the potential use of platinum 
nanoparticles, as a superoxide dismutase/catalase 
mimetic antioxidant. The platinum nanoparticles 
combined with ultrasound of 1 MHz have promoted 
apoptosis in human myelomonocytic lymphoma cells. 
As a result, the issues of the mechanisms of cell death 
following therapeutic ultrasound treatment in the 
presence or absence of platinum nanoparticles have 
been addressed.44 Also, the platinum nanoparticles 
interfered with apoptosis and blocked ultrasound-
induced autophagy. The authors concluded that 
autophagy induced after ultrasound mechanical effects 
operates the “pro-survival pathway” and its blockade 
by platinum nanoparticles causes enhancement of cell 
killing.45

Computed Tomography
Currently, X-ray-based CT is considered one of the most 
convenient imaging or diagnostic tools in hospitals 
due to its efficiency, availability, and cost.13,24 In con-
trast to MRI and certain nuclear medicine imaging 
techniques, CT is not classified as a molecular imaging 
modality because specific contrast agents have not yet 
been developed for it.46 Present CT contrast agents are 
predominantly based on iodine-containing molecules, 
proven effective in absorbing X-rays; however, they are 
non-specifically targeted because they cannot be con-
jugated to most biological components or cancer mark-
ers. In addition, they allow only very short imaging 
times due to rapid clearance by the kidneys.46

Recent progress toward nanotechnology-based 
CT imaging has been achieved. Hainfeld et al.47 
demonstrated that AuNPs can provide in vivo vascular 
contrast enhancement in CT imaging, though these 
AuNPs were not targeted as they were not conjugated 
to specific biomarkers. More recently, vascular CT 
contrast agents have been developed, including hybrid 
nanoparticles such as gadolinium-coated AuNPs, 
antibiofouling polymer-coated AuNPs, polymer-
coated Bi2S3 nanoparticles, and polyethylene glycol-
coated nanoparticles.48–51 Interestingly, Popovtzer 
et al.46 reported the possibility of the identification of 
squamous cell carcinoma in the head and neck using 
CT scans. In this study, AuNPs accumulated only on the 
targeted cancer cells, producing a strong and distinct 
X-ray attenuation that could be distinguished from 
the attenuation produced by untargeted, yet identical, 
cancer cells or normal cells.

Considerable research is focusing on the 
development of nanoparticle CT contrast agents for 
molecular imaging of blood.13 Each imaging modality 
uses different physical principles to obtain the image 
and requires the physical properties of the contrast 
agent to be compatible with the physics of the specific 
imaging system.49,51 Most CT contrast agents lack this 
amplification ability and force, and since CT imaging 
requires millimolar contrast agent concentrations to 
induce sufficient contrast in the desired organ, a much 
larger amount is needed.52 However, nanoparticle 
contrast agents can enhance image contrast, enabling 
a reduction in the high radiation exposure of CT. 

These new-generation CT contrast agents, made from 
materials of high atomic numbers (e.g., bismuth and 
gold), hold significant potential not only due to the 
production of higher contrast than conventional 
iodine-based contrast agents but more importantly for 
reducing the overall radiation exposure to patients.49,53 
Hainfeld et  al.54 investigated the molecular imaging 
of cancer with actively targeted CT contrast agents. 
It was revealed that AuNPs enhanced the visibility of 
xenografted human breast tumors in mice, and active 
tumor targeting is 1.6-fold more efficient than passive 
targeting. They also demonstrated that the specific 
uptake of the targeted AuNPs in the tumor periphery 
was 22-fold higher than that in the surrounding muscle. 
Chanda et al.55 reported enhanced CT attenuation of 
bombesin-functionalized AuNPs, which selectively 
targeted cancer receptor sites that are overexpressed in 
prostate, breast, and small-cell lung carcinomas. Motiei 
et al.52 recently investigated methods to differentiate 
between cancer and inflammation during functional 
CT since positron emission tomography scanning 
using 18F glucose is unable to distinguish between an 
inflammatory lesion and a cancer lesion as both have 
increased glucose metabolism-associated uptake. They 
found that glucose AuNPs can act as a CT agent, which 
allows for the differentiation between cancer and an 
inflammatory process.

Potential Hazards of Nanoparticles
Nanoparticles, due to their microscopic dimension, 
pose various health hazards similar to particulate 
matter. Several studies have demonstrated that 
nanoparticles can cause pathologies of respiratory, 
cardiovascular, and gastrointestinal systems.56 For 
example, carbon nanotubes can result in severe lung 
pathologies in mice, such as granulomas, inflammation, 
and necrosis, with more toxicity than carbon black and 
quartz.57,58 Nanoparticles can enter the body through 
the lungs and other routes, potentially reaching vital 
organs through the bloodstream. They may even act as 
gene vectors or enter the central nervous system via the 
olfactory pathway, which raises concerns about their 
potential for brain inflammation.59

Research on rats and monkeys has revealed that 
nanoparticles, such as carbon and manganese par-
ticles, can accumulate in the olfactory bulb, raising 
concerns about their impact on the brain and other 
organs.60 For example, nanotubes have been shown 
to promote platelet aggregation and accelerate vas-
cular thrombosis in rats, whereas fullerenes did not 
demonstrate such effects, suggesting that they may be 
a safer option for drug delivery systems.61 Ingestion of 
nanoparticles can lead to toxicity when they reach dif-
ferent organs and systems through the circulatory sys-
tem.62 The toxicity of nanoparticles may be associated 
with their ability to trigger pro-inflammatory media-
tors, leading to inflammatory response and potential 
organ damage. Nanoparticles also pose potential risks 
to the gastrointestinal system, possibly triggering in-
flammatory bowel diseases, and their full effects on 
humans are not yet well understood.63
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Challenges for Nanobiotechnology Applications in 
Medicine
The main challenge for nanobiotechnology is devel-
oping instruments to evaluate the exposure to engi-
neered nanomaterials in air and water.5,64 Humans and 
animals’ exposure to an environment potentially con-
taminated with nanomaterials may result in adverse 
consequences that should be monitored.17,64 Another 
challenge is the development of reverse systems to as-
sess the precise impact of engineered nanomaterials on 
health and the environment throughout the entire life, 
addressing the life cycle concern.64 Also, developing 
applicable methods to assess the toxicity of engineered 
nanomaterials in the next years could be considered a 
challenging issue.65 There are commercialization chal-
lenges of nanobiotechnology, including uncertainty 
of its effectiveness, scalability, funding, and scarce re-
sources. In addition, the need for regulations for the 
use of nanotechnology represents another challenge 
in this field.66 The efficiency of nanotechnology under 
clinical conditions remains unsatisfactory. Generally, 
each nanotherapeutic has its own challenges during 
clinical applications, but all nanotherapeutics face 
the shared challenges, including safety, scale-up, cost, 
and regulation and biological challenges.64

Conclusion
In conclusion, the integration of nanotechnology into 
the diagnostic field, particularly in diagnostic imag-
ing, represents an advancement in medical diagnos-
tics, improving the overall accuracy, sensitivity, and 
specificity for early disease diagnosis. As the potential 
of nanoparticles in imaging modalities has been prov-
en, a comprehensive understanding of their applica-
tions and mechanisms in clinical settings is crucial. 
Despite the numerous advantages of nanotechnology 
in disease diagnosis, there are challenges for its ap-
plication in clinical practice, including the long-term 
safety of these materials and their acceptance in clini-
cal practice. Addressing these challenges is crucial for 
enhancing its applications in diagnostic imaging and 
advancing personalized medicine. Improving diagnos-
tic accuracy using nanotechnology leads to innovative 
therapeutic strategies that can lead to better patient 
outcomes.
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