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The field of artificial intelligence (AI) is expanding quickly. To mimic the structure and biological evolution of

the human brain, AI was developed to enable computers to acquire knowledge and manipulate their

surroundings. There have been notable developments in the use of AI in healthcare; it can enhance

diagnosis and treatment in various medical specialties. The cost of prompt diagnosis and treatment is

hampered by the absence of efficient, dependable, and reasonably priced detection and real-time

monitoring. Smart health tracking systems integrating AI and nanoscience are an emerging frontier that

solves these obstacles. Targeted delivery of drug systems, biosensing, imaging, and other diagnostic and

therapeutic fields can widely benefit abundantly from nanoscience in healthcare. AI technology has the

potential to expand biomedical applications by analyzing and interpreting biological data, speeding up

drug discovery, and identifying novel molecules with predictive behavior. This review outlines the current

obstacles and potential opportunities for delivering personal healthcare using AI-assisted clinical decision

support systems.
1. Introduction

Nanotechnology and AI have received a lot of focus recently and
have the capacity to change several facets of our lives substan-
tially. Scientists and researchers are breaking new ground in
medical care, technology, energy, and other elds by integrating
the unique features of nanotechnology with the power of AI.1

The eld of computer science that focuses on the creation of
intelligent machines that are capable of performing activities
that oen call for human intelligence is known as articial
intelligence, or simply AI.2,3

Scientists can speed up the development of new materials,
streamline production procedures, and enhance the function-
ality of nanoscale devices by incorporating AI approaches into
nanotechnology research and manufacturing operations.4 The
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integration of nanotechnology and AI holds signicant promise
for tackling some of the most pressing problems of society, such
as healthcare and environmental sustainability. The combina-
tion of AI with nanotechnologies has the potential to signi-
cantly contribute to the advancement of several elds, including
energy-efficient products, smart environmental monitoring
systems, personalized medicine, and early illness diagnosis.5

For almost a decade, there has been a prediction that
biology, nanotechnology, and AI will come together to create an
evolved scientic and technical era. However, efforts to inte-
grate interdisciplinary research are still ongoing. While some of
AI's most successful paradigms, such as articial neural
networks and algorithmic evolution, are based on biology,
nanotechnology integrates the concepts of chemistry, physics,
and engineering. Bridging the gap between currently applicable
nanoscience and AI-incorporated nanoscience will help build
new communication and technologies with the possibility of
biology and technology to coexist that will greatly impact our
society (Fig. 1).6

The scientic and engineering methods of developing,
manufacturing, and evaluating devices and materials with
functioning structures on a nanoscale in at least one dimension
are collectively referred to as nanotechnology. As it affects the
fundamental molecular structure, which in turn affects its
chemical and physical properties, it is critical to consider the
behavior of individual molecules and groups of interacting
molecules regarding the overall properties of the material or
devices at these scales.7 Nanotechnology is interdisciplinary
Nanoscale Adv., 2025, 7, 3619–3630 | 3619
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Fig. 1 There is a significant chance that the convergence of AI and
nanotechnology will affect numerous other scientific domains.
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and has multiple uses in biomolecular detection, therapeutics,
microelectronics, DNA sequencing, optics, and sensors. In
recent times, it has gained huge importance in the eld of
pharmaceutical sciences.8

The biomedical profession relies heavily on nanomaterials,
and with the advent of the digital age, AI has emerged as
a useful tool for developing nanomaterials at every stage of the
process, from designing to synthesis and characterization. A
subset of medical materials created, manufactured, or
improved at the nanoscale are known as biomedical nano-
materials.9,10 These nanomaterials are useful for cellular illness
diagnosis, therapy, and prevention due to their unique biolog-
ical characteristics and roles.11–13 With the ability to precisely
regulate a material's structure and properties at the nanoscale,
nanomaterials hold enormous potential for use in biological
systems.14,15

AI and nanotechnology are two innovative elds that have
the potential to revolutionize many aspects of daily life, science,
and technology.16 Controlling andmodifying materials on a very
small scale, typically 1–100 nm, is the main goal of nanotech-
nology.17 Materials of this size exhibit properties and behaviors
distinct from those of larger scales. The development, synthesis,
characterization, and application of nanostructures and nano-
devices are collectively called nanotechnology, which has
applications in various elds, including electronic devices,
healthcare, power, and environmental studies. Its scope
includes developing novel materials, production techniques,
and tools with specialized applications. These solutions address
issues in areas such as environmental remediation, generation
of renewable energy, and illness detection and treatment. By
offering novel approaches to health care,18,19 medication
delivery,20 and diagnostics,21 contemporary nanotechnology
applications, such as carbon dots for drug research, are trans-
forming healthcare services.22 To improve patient results,
safety, and the efficiency of medication delivery, much devel-
opment and research has been conducted on nanomaterials,
3620 | Nanoscale Adv., 2025, 7, 3619–3630
nanocarriers, & nanostructures. Targeted medicine delivery
made possible by nanotechnology minimizes off-target effects
and lowers systemic toxicity.

2. Artificial intelligence

Building machines that can mimic human intelligence and do
tasks that normally require human cognition is the goal of AI,
a cutting-edge area of computer science.23 With the main goal of
replicating and automating cognitive processes such as
learning, perception, reasoning, & problem-solving, innovative
approaches such as machine learning, computer vision,
robotics, neural networks & natural language processing are all
included in its wide eld.24

Machine learning deals with creating techniques that let
computers learn from data, analyze them, and improve the
outcome over time without specialized programming. Numerous
industries, including banking, health care, entertainment, and
transportation, have used AI. AI-powered systems in healthcare
can estimate disease outcomes, assess medical imaging, and aid
in drug discovery. Algorithmic trading, automated customer
service, and the detection of fraudulent transactions are all
applications of AI algorithms in the nancial industry. Autono-
mous vehicles can currently navigate and make choices in chal-
lenging circumstances as a result of the application of AI.25

Researchers and biomedical sectors are interested in AI
because of its capacity to process vast volumes of data, generate
precise results, and regulate processes to achieve the best
possible conclusion. AI isn't new as robots are already used for
long-term disease prediction and decision-making. In the
modern world, technology and algorithms help with the day-to-
day chores. Acceptance, transparency, clarity, fairness, and
availability are among the major factors considered in accurate
machine-algorithm-coordinated results. AI is the capacity of
robots or computers to simulate human intelligence using
soware and algorithms.26 Intelligent activities such as
knowledge-based learning, assisted surgery, medication
discovery, logical reasoning, and advanced imaging can be
performed using AI. The concept of AI might seem new, but it
was initially created by several scholars in the late 1940s27–29,
and their work is still useful as a foundation for contemporary
research and advancements in AI.

AI-powered systems are also using patient histories and
medical records to tailor each person's exact pharmaceutical
regimen and optimal course of treatment. Health services can
readily receive data about heart rates and activities from wear-
able health-tracking devices. Because there is a large amount of
data from various sources, AI is utilized to analyze the data and
discover irregularities for certain individuals. In the same way,
data collected by hospitals specic to patients' health moni-
toring devices might detect possible crises and alert medical
professionals. Healthcare system analysis is already being used
in some nations, such as Denmark and Norway, to identify
inefficiencies in process and treatment errors.30 AI-based robots
can create novel surgical techniques by analyzing data from
prior surgeries. These robots can treat patients more accurately
and with fewer accidental movements.31 In addition to spine
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Various levels of AI. Reprinted with permission from ref. 39.
Copyright 2020 Nova Science Publishers.
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surgery, AI nds use in minimally invasive surgery, robotically
assisted procedures, and post-surgical care, including recovery
time calculation.32

3. Basic principles of AI

To aid in future comprehension, the division of AI into learning
and nonlearning algorithms is presented. Algorithms in non-
learning systems respond to specic circumstances in a pre-
determined manner. The system reacts in the same manner
every time. Thus, it is incapable of learning. This is how, for
instance, classic chess programs are programmed. More
complex AI systems, on the other hand, employ a method in
which the systems learn. In classical computing, incoming data
are fed into an algorithm, also known as a program, which
processes them and then returns the output to the user. A
pocket calculator is the most basic example in this context. The
calculator's actual program remains unchanged while per-
forming a mathematical operation, indicating that the program
is not learning. It's not the same as learning AI algorithms.32

These algorithms undergo processing changes as they are fed
data, indicating that they are learning. The two main categories
of learning systems are neural networks that simulate the
human brain (deep learning) and other designs. Inspired by the
concept of brain architectural replication, deep learning is
a subclass of machine learning that uses articial neural
networks (ANNs). Neurons are organized in layers to form the
natural brain and dendrites are junctions where these neurons
receive inputs. Neurons produce an action potential sent to
other neurons in different layers via the axon when the sum of
the inputs reaches an activation potential. A node is the most
fundamental part of an ANN, much like a neuron. Other nodes
provide input to this node.32 The foundation of deep learning
models is ANNs, which comprise interconnected layered nodes
that enable hierarchical learning. Data move across these layers
during model training, making it possible to extract more
intricate features from unprocessed inputs such as text, music,
or images.33 Over time, several network architectures were
created to handle various data and issues. Convolutional neural
networks were the next most developed type aer fully con-
nected neural networks.34 These days, there are also many more
complex networks, such as generative adversarial neural
networks and U-Nets. Examples of successful applications for
these networks include biomarker discovery, prescription
prediction, and diagnosis prediction.35–37

Over the past few decades, articial intelligence has been on
the rise in terms of new technology. It is impossible to overlook
the potential and functionality of incorporating this technology
with other technologies.38 AI augmentation and integration
appear to be essential for data mining, analysis of data, and
ultimately data prediction whenever we deal with large amounts
of data, both structured and unstructured. Data warehousing,
in which we have a store of historical data that must be
compared to incoming and current data to avoid replicating or
duplicating current ones based on their history, is one of the
criteria of such analysis. Deep Learning (DL) is one of the AI
subsystem parts for this purpose. In DL, incoming data are
© 2025 The Author(s). Published by the Royal Society of Chemistry
compared to historical data, and the results are ltered before
moving on to Machine Learning (ML), another AI subsystem
element. The AI layer is the part that communicates with
a person for any fast-paced, real-time, and accurate decision-
making process. It is illustrated as the top layer of the inte-
grated system with ML and DL in Fig. 2.39 As we can see, the
delivery and prescription of drugs at micron and submicron
sizes are no exceptions to this role either. When we delve deeply
into the world of small things with the size and scale of microns
and submicrons, we end up with a lot of data that we gather
from it to improve our knowledge and gain the ability to make
a correct decision. As a result, we can readily draw the conclu-
sion that, given the data, both historical and current, real-time
analysis necessitates AI and human collaboration, as a suitable
partner is something that is unavoidable, and, in fact, they
unquestionably complement one another.40

We can easily see a signicant augmentation and integration
of mixed AI systems (i.e., AI, ML, and DL) in health and medical
science today, where researchers work side by side. Since this
integration, which has been seen at the level of nanoscience and
nanotechnology, has contributed to the success of these two
elds over the past 70 years, we attempt to dene and explain AI
and its subsets, ML and DL, at the beginning of the chapter.
Next, we present the science of nanoengineering and
nanotechnology.41
4. Role of AI in health care

Healthcare costs are skyrocketing. The condition is exacerbated
by increasing life expectancy, a sharp increase in the prevalence
of long-term illnesses, and the continuous development of
expensive newmedications. Therefore, it is understandable that
scholars have made pessimistic forecasts about the sustain-
ability of medical facilities worldwide. AI offers ways to mitigate
the impact of these developments by improving and reducing
the expense of healthcare.42
Nanoscale Adv., 2025, 7, 3619–3630 | 3621
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Fig. 3 IoBNT-based AI nanosystem. Reprinted with permission from
ref. 58. Copyright 2022 Tech Science Press.
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AI is increasingly used in healthcare to improve the efficacy
and accuracy of healthcare diagnosis, treatment plans, and
decision-making.43 It might improve patient outcomes and alter
the way healthcare is delivered. AI in healthcare has a number
of uses.44 One method AI is being used in the healthcare sector
is by developing machine learning algorithms that can examine
vast amounts of patient data and identify patterns and trends
that may not be immediately apparent to humans.45 This can be
especially helpful in spotting early symptoms of illnesses or
ailments, enabling an earlier diagnosis, course of treatment,
assessment of prognosis, andmore. Another application of AI in
healthcare is natural language processing (NLP). With NLP
systems being able to evaluate electronic medical records
(EMRs) and retrieve relevant information, healthcare providers
can have easy access to patient data.46

Better patient care and more informed decision-making can
result from healthcare providers' easier access to and interpre-
tation of patient data. AI can also help with jobs such as image
analysis, which enables more precise analysis and effective
diagnosis with medical imaging such as X-rays or CT scans.47 It
is anticipated that AI will be used in healthcare much more
frequently.48 Examples of contemporary uses include disease
diagnosis, personalized medicine, drug research, gene editing,
& health care support.49

It is impossible to exaggerate the importance of AI applica-
tions in healthcare. It is impossible to underestimate the
importance of AI applications in healthcare, which have enor-
mous potential to revolutionize real-time health condition
monitoring, tailored treatment, disease diagnosis, and opera-
tional healthcare management for transforming the elds of
disease diagnosis, personalized medicine, real-time health
condition monitoring, and operational healthcare manage-
ment. AI-driven diagnostic technologies, for example, can
effectively evaluate medical images and oen pick up on details
that the human eye might miss. This level of accuracy translates
to earlier and more precise diagnoses, dramatically improving
patient outcomes. Similarly, AI algorithms are making signi-
cant strides toward genuinely personalized medicine in the area
of treatment personalization. They can comb through enor-
mous datasets to nd patterns and forecast which medicines
will work best for particular patient proles. AI is also used in
monitoring patients, where wearable technology and remote
monitoring equipment provide ongoing patient health over-
sight, allowing for prompt treatments and a decrease in read-
missions to hospitals. AI has the potential to improve efficiency
and patient satisfaction in the delivery of healthcare by
streamlining processes such as appointment scheduling and
hospital workow optimization.50–52

Recent developments in nanotechnology have enabled
researchers to create articial nano-scale processes that closely
mimic natural cell systems and study intra-body systems. There
are numerous uses for this method, especially in the eld of
nanomedicine. The nanotransmitter nanomachine (TN) & the
nanoreceiver nanomachine (RN) are the two nanoscale devices
that make up a nanosystem. Systems for advanced targeted drug
delivery (ATDD), illness detection and therapy, and healthcare
monitoring are just a few medicinal uses for such an implanted
3622 | Nanoscale Adv., 2025, 7, 3619–3630
device. Drug delivery to the intended location can be managed
with the help of AI technology. Additionally, because of the
coronavirus disease (COVID-19), medical professionals can stay
healthy by using AI based on the Internet of Biological Nano-
things (IoBNT) to communicate with their patients remotely.53

As IoT-based social networks rely on AT technology, Internet of
Business Networks (IoBNT) is constructed on top of the IoT to
facilitate communication and collaboration between AI nano-
systems and external networks such as the Internet.54,55 On the
other hand, the biocyber interface's function is to convert
electromagnetic (EM) waves into biological signals.56,57 As seen
in (Fig. 3), the following AI nano-scale gadgets are used to create
the intra-body area network-based molecular communication
(MC) system: TN for drug information molecule emission, RN
for reception, andmolecular channels for propagating (vascular
blood medium).58 By elevating administrative tasks, medical
research, diagnosis, and treatment planning, articial intelli-
gence has the potential to revolutionize healthcare.59 This
review highlights different AI-based nanomaterials applied for
biomedical applications.
5. Nanomaterial-based AI for
biomedical applications

Due to their modern properties, nanomaterials work like magic
in biomedical applications. Nanomaterials are widely used in
the biomedical elds of antibacterial activity, diagnosis, scaf-
folds, culture of cells, regenerative medicine, drug transport,
and tissue engineering.50 Due to improvements in character-
ization techniques and unique features, many nanomaterials,
including MXenes, polymers, graphene, and CNTs, are now
widely used in the biomedical industry as biosensors and
bioimaging.60–62

Iron oxide (Fe3O4) nanoparticles (MNPs) and hydroxyapatite
nanoparticles (n-HAP) were combined with polyvinyl alcohol
(PVA) using a freeze-drying method to create a bioresorbable
scaffold (Fig. 4a). PVA–n-HAP–MNPs (PHMs), biodegradable
magnetic nanocomposite scaffolds, are used in bone tissue
engineering. As the wt% of MNPs and n-HAP increased, the
scaffolds' mechanical qualities improved in accordance with
the ANN predictions. Furthermore, the scaffolds' porosity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic representation of the combination of nanomaterials with artificial intelligence (AI), especially artificial neural networks (ANNs),
and its application.
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increased, and their pore size reduced. The structure and form
of these scaffolds (Fig. 4b) were examined using SEM. The
PHMs with the lowest weight wt% of n-HAP exhibited the thick,
homogeneous, smooth, sheet-like structure produced by PVA.
However, the scaffold's structure and shape changed, & smaller
pore diameters were seen as further n-HAP and MNPs were
added. Neural networks in deep learning, machine learning,
and AI allow programs to recognize patterns and address
common problems.63–66 ANN analysis offers convincing proof
that adjustable control over scaffold features such as pore size
and dynamics is possible by varying the nanoparticle content
(Fig. 4). The PHM method's computational prediction and
ability to enhance scaffold composition towards desired
performance make it promising for the customized growth of
bone regeneration materials.67

The development of nanomedicine has the potential to be
revolutionized by AI. Suriyaamporn et al. examined the physi-
cochemical properties of progesterone-loaded solid-lipid
Fig. 5 The generation of PG-SLNs using DoE and AI. Reprinted with pe

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoparticles (PG-SLNs) made by emulsication–ultra-
sonication, with an emphasis on using articial neural
networks (ANNs) and Design of Experiments (DoE) to show the
effectiveness of this regulated preparation technique. The
process of developing PG-SLNs utilizing AI and DoE is depicted
in Fig. 5. For the rst time, PGSLNs are being developed as
a transdermal drug delivery method to help postmenopausal
women delay the progression of neurodegenerative diseases.
The scarcity of research projects in this eld makes this study
difficult to complete. This study aimed to create and develop
PG-SLNs by utilizing AI and DoE approaches to forecast the best
formulations for transdermal delivery of drugs in individuals
suffering from Alzheimer's disease.68

One of the major challenges to practical applications of
cancer nanomedicine is the insufficient ability of NPs to target
solid tumors. To solve this conundrum, innovative machine
learning and AI techniques and rapid processing capability
expansion provide new tools. To assess the distribution in the
rmission from ref. 68. Copyright 2024 Elsevier.

Nanoscale Adv., 2025, 7, 3619–3630 | 3623
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body and tumor-targeted delivery efficiency (DE) of several NPs,
Chou et al. combined a quantitative structure–activity rela-
tionship (QSAR) model with a PBPK model to create an AI-
assisted physiologically based pharmacokinetic (PBPK) model.
To predict signicant input components of the PBPKmodel, the
AI-based QSAR model was created using machine learning and
deep neural network techniques. It had been trained utilizing
data from a publicly accessible “Nano-Tumor Database”.69 A
genetic condition affecting connective tissue called Marfan
Syndrome (MFS) can cause a variety of phenotypes that can
affect many different body systems, most notably the thoracic
aorta. Distinct facial features are frequently present in the
syndrome, which may facilitate clinical diagnosis and recogni-
tion. The Saksenberg research group investigates if face image
analysis AI may be used to diagnose Marfan syndrome.70

A novel form of biocompatible and highly effective sono-
sensitizer for highly effective sonodynamic therapy was recently
introduced byWu et al. as a piezoelectric nanocomposite known
as barium titanate (BaTiO3, BTO) nano-cubes that has a modi-
ed Schottky junction using gold nanoparticles (Au@BTO), as
illustrated in Fig. 6.71 A very accurate and least intrusive method
of treating cancer and getting rid of infections is sonodynamic
treatment.72

Using MXene-based gas sensors is an effective way to detect
acetone, a biomarker of diabetes.73 Wang et al. used a chemir-
esistor of an a-Fe2O3/MXene heterostructure composite to
create a sensor for the detection of acetone.74 Excellent acetone
selectivity in the manufactured sensor makes it a useful
instrument for early detection of diabetes and general health
monitoring.74,75 Biosensors that include MXenes have shown
great promise in identifying a range of illnesses in living things.
A hybrid FET detector was created, beginning with Ti2C MXene/
graphene, to monitor many viruses, including the inuenza
virus and SARS coronavirus-2. The biosensor showed that it
could detect viruses between 25 and 250 000 copies per
milliliter.76
Fig. 6 Au@BTO, a sonosensitizer for sonodynamic therapy. Reprinted w

3624 | Nanoscale Adv., 2025, 7, 3619–3630
The likelihood of a cure for cancer is increased with early
detection. Techniques for cancer detection and clinical diag-
nosis that are accurate and dependable are urgently needed.77

Medical technological advancements have contributed to
a decrease in the death rate from cancer; nevertheless, patient
survival can still be improved and fatalities can still be reduced
with early diagnosis, regular monitoring, and the use of
multiple PoC devices. Wearable sensors, the IoT, AI, lab on
a chip, organ on a chip, and next-generation sequencing (NGS),
which evaluate a person's physical and psychological biomet-
rics, can be used to provide a unique and technological strategy
for cancer control.78

An increasing number of recent studies have shown how very
effective GO and its components are in the biosensing of cancer
and in diagnostics (theragnostic).79 AI technologies, such as
neural networks, are essential tools for the diagnosis of cancer.
Recently, researchers created an AI-based discriminating
system for different gas assessments and a breath analysis
sensor array employing multiplexed DNA-functionalized gra-
phene nanoelectrodes. By examining an individual's EB, this
sensor array can be utilized to diagnose illnesses early on. Its
capacity to differentiate between different mixed chemical gas
compositions has also been veried. A study used 1D convolu-
tional neural networks (CNNs) to achieve a 98% accuracy rate in
gas classication.80 The newly developed chemo-resistive
sensors aim to detect biomarkers for lung cancer in articial
breath samples using many indicators and have a robust
accuracy of 96.5%.

Since graphene can be used to make wearable electronics
that simulate human sensations, including taste, smell, touch,
and hearing, it has drawn attention to AI. Using machine
learning techniques, these sensors identify tasks and determine
the external environment while offering output signals.81

Combining machine learning techniques with graphene oxide
(GO)-based devices enhances cancer therapy.82 The challenges
and opportunities associated with combining ML, AI, and GO-
based sensors for cancer treatment are given in Fig. 7. The
ith permission from ref. 71. Copyright 2021 Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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implementation of sensor technology is addressed with its
challenges and obstacles.

Due to its high sensitivity, affordability, and convenience,
breath testing for carbonyl cancer markers may someday be
utilized as the main technique for screening for lung cancer.83

Graphene may be used in VOC sensors that detect cancer via
breath analyzer emissions because of its sensitivity to volatile
organic compounds (VOCs).84 GO produced by metal ions is
used by Chen et al. as an e-nose for the breath-exhalation
approach to diagnosing lung cancer.85 Recently, researchers
created an AI-based discriminating system for different gas
assessments and a breath analysis sensor array employing
multiplexed DNA-functionalized graphene nanoelectrodes. By
examining an individual's EB, this sensor array can be utilized
to diagnose illnesses early on. Its capacity to differentiate
between different mixed chemical gas compositions has also
been veried. A study used 1D convolutional neural networks
(CNNs) to achieve a 98% accuracy rate in gas classication.86

AI-powered nanobots, tiny robotic robots capable of doing
challenging tasks at the microscopic level, result from merging
these technologies. The advantages that AI-powered nanobots
can offer people in early disease detection, intervention, and
surgery are examined in this research. Together, AI and nano-
technology provide highly precise and efficient early disease
detection. These nanobots can directly target damaged cells or
tissues using their small size and advanced capabilities,
reducing side effects and improving patient healing efficacy. AI-
capable nanobots can signicantly enhance surgical tech-
niques. They can assist surgeons in performing delicate and
complex surgery by providing real-time feedback, increasing
accuracy, and lowering risks.87 Nanotechnology is a promising
area for transforming the early detection and surgical treatment
© 2025 The Author(s). Published by the Royal Society of Chemistry
of stomach tumors. Drug inefficiency and high rates of recur-
rence from surgical and pharmaceutical therapy are the main
factors affecting curative efficacy in patients with GIC (Gastro-
intestinal Cancer). Given the drawbacks of GIC MRI and
endoscopy and the difficulty of gastric surgery, nanotechnology
has shown promise in the early identication and timely
treatment of stomach issues. By specically targeting cancerous
cells, nanoparticles can identify and destroy them. To improve
the accuracy and effectiveness of cancer treatment, it can also
be designed to deliver particular payloads, including medica-
tions or contrast chemicals. By employing XGBoost and RNN-
CNN as a classication method, the current study used the
improving machine learning method to nd nonlinear inter-
actions among many variable's inputs and outputs. With
impressive metric values showing the promise of cutting-edge
machine learning and nanotechnology for the diagnosis and
treatment of gastric cancer (GIC), the study's ndings are quite
optimistic. In the examination of stomach images, the model's
outstanding accuracy (93.54%), precision (93.65%), F1-score
(93.57%) & recall (93.87%) were followed by an excellent area
under the curve of 93.54%, indicating its great discriminatory
ability. These results show how effective the integrated
approach is and suggest that it might signicantly improve GIC
evaluation and therapy, which would ultimately give hope for
more precise, tailored, and successful results in the battle
against this challenging condition.88

As a commonly used anticoagulant with several clinical side
effects, heparin necessitates stringent quantitative and quali-
tative screening to protect patients from the risk of thrombo-
cytopenia. However, the low availability and complexity of
heparin's chemical structures make it difficult to precisely
monitor its level and quality in therapeutic settings.
Nanoscale Adv., 2025, 7, 3619–3630 | 3625
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Due to the sensitivity and specicity limitations of conven-
tional laboratory assays, novel strategies must be developed.
Because of their improved sensitivity, selectivity, and capacity
for detecting heparin even at low concentrations, nanosensors
have emerged as a possible solution in this regard. Nanosensors
could be incorporated into wearable technology, such as wrist-
bands or smartwatches, to continuously check the amount of
heparin in the user's blood. Additionally, these devices may be
incorporated with AI/machine learning (MI) algorithms which
may evaluate huge data sets to assist with the selection of
particular sensor characteristics, such as materials or operating
parameters, as demonstrated in point-of-care biomarker
detection for diseases such as cancer, diabetes, and coronavirus
disease (COVID-19).89–94 This method makes use of AI/ML's
skills in pattern recognition, data processing, and sensor design
optimization.

Comparable to the human bionic approach, connecting the
human nervous system to computers allows for previously
unheard-of control over prosthetic limbs and the restoration of
lost sensory function. Such a cutting-edge technical approach
represents an important step toward improving ANNs, which
are essential for understanding how AI works, how to create
Super Articial Intelligence (SAI), and how crucial nanoscience
and nanotechnology are to this cutting-edge technology, which
also determines a drug delivery system based on nanotech-
nology.95 We now fast-forward forty years. During the 2014
World Cup in Brazil, neuroprosthetics attracted signicant
public interest once more. A neuroprosthetic gadget created by
Dr Miguel Nicolelis' group at Duke University enabled a patient
with spinal cord injuries to begin the World Cup. The devel-
opment of the latest version of AI, which we now refer to as
super articial intelligence (SAI), is greatly advanced by this.38

Combining nanotechnology and AI in medicine improves
precision cancer treatment. Two areas that are crucial to
achieving precision medicine's objective of customizing the
optimal course of treatment for every cancer patient are AI and
nanotechnology. Machine learning and AI have the potential to
create “smart” nanoengineered Brain–Machine Interfaces
(BMIs) due to a convergence of technological capabilities.
Communication will be possible with this new generation of
technology, with the brain working in ways that facilitate
contextual learning and exibility in response to evolving
functional needs. This is true for both noninvasive technologies
made possible by signals such as the electroencephalograph
(EEG) and intrusive technologies such as the neural prosthesis
that are intended to restore neurological function.95
6. Conclusion and future
perspectives

AI has the potential to revolutionize patient care, improve
public health surveillance, optimize healthcare operations,
personalize treatment programs, and increase diagnostic
accuracy. The dynamics of human-AI interaction, data privacy
and security, legal and moral concerns, interoperability and
integration problems, scalability and accessibility issues, and
3626 | Nanoscale Adv., 2025, 7, 3619–3630
other challenges must all be navigated in order to fully realize
the potential of AI in healthcare. While working effectively, AI is
more advantageous; yet, it cannot take the place of the inter-
personal relationships that build teams. It is impossible for
robots to do human activities such as cooperation and team
management because they are unable to develop emotional
connections with people. Verifying that AI can be developed and
applied in a way that respects people's interests and takes into
consideration technological, ethical, and social factors will be
a major problem for the regulation of AI technologies in the
future.

Combining AI with nanotechnology represents a funda-
mental paradigm shi with wide-ranging implications for
businesses and scientic domains. AI-driven nanotechnology is
revolutionizing healthcare and illness management by acceler-
ating the creation of customized drugs and targeted therapies.
The development of tailored properties for a variety of appli-
cations, such as electronics and aerospace, is made easier by AI-
driven breakthroughs in nanotechnology, which benets
materials science and engineering.
Data availability

No primary research results have been included and no new
data were generated or analysed as part of this review.
Author contributions

Subhendu Chakroborty: supervision, conceptualization, writing
– review & editing. Nibedita Nath: writing – original dra
preparation, editing. Sameeta Sahoo: writing – review & editing,
investigation. Bhanu Pratap Singh: investigation, formal anal-
ysis. Trishna Bal: conceptualization, writing – review & editing,
investigation. Karunesh Tiwari: supervision, visualization,
writing – review & editing. Yosief Kasshun Hailu: data curation.
Sunita Singh: writing – original dra. Pravin Kumar: writing –

original dra, formal analysis. Chandra Chakraborty: resources,
methodology.
Conflicts of interest

There are no conicts to declare.
References

1 K. Schwarze, J. Buchanan, J. M. Fermont, H. Dreau,
M. W. Tilley, J. M. Taylor, P. Antoniou, S. J. Knight,
C. Camps, M. M. Pentony and E. M. Kvikstad, The
complete costs of genome sequencing: a microcosting
study in cancer and rare diseases from a single center in
the United Kingdom, Genet. Med., 2020, 22, 85–94.

2 T. Ching, D. S. Himmelstein, B. K. Beaulieu-Jones,
A. A. Kalinin, B. T. Do, G. P. Way, E. Ferrero, P. M. Agapow,
M. Zietz, M. M. Hoffman and W. Xie, Opportunities and
obstacles for deep learning in biology and medicine, J. R.
Soc. Interface, 2018, 15, 20170387.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00032g


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 6
:1

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3 D. Rosenblum, N. Joshi, W. Tao, J. M. Karp and D. Peer,
Progress and challenges towards targeted delivery of cancer
therapeutics, Nat. Commun., 2018, 9, 1410.

4 R. Kedmi, N. Veiga, S. Ramishetti, M. Goldsmith,
D. Rosenblum, N. Dammes, I. Hazan-Halevy, L. Nahary,
S. Leviatan-Ben-Arye, M. Harlev and M. Behlke, A modular
platform for targeted RNAi therapeutics, Nat. Nanotechnol.,
2018, 13, 214–219.

5 F. Cascini, F. Beccia, F. A. Causio, A. Melnyk, A. Zaino and
W. Ricciardi, Scoping review of the current landscape of AI-
based applications in clinical trials, Front. Public Health,
2022, 10, 949377.

6 G. M. Sacha and P. Varona, Articial intelligence in
nanotechnology, Nanotechnology, 2013, 24, 452002.

7 R. Saini, S. Saini and S. Sharma, Nanotechnology: the future
medicine, J. Cutan. Aesthetic Surg., 2010, 3, 32–33.

8 Drug Delivery Nanosystems for Biomedical Applications, ed. C.
P. Sharma, Elsevier, 2018.

9 M. Mabrouk, D. B. Das, Z. A. Salem and H. H. Beherei,
Nanomaterials for biomedical applications: production,
characterisations, recent trends and difficulties, Molecules,
2021, 26, 1077.

10 N. Nath, S. Chakroborty, D. P. Vishwakarma, G. Goga,
A. S. Yadav and R. Mohan, Recent advances in sustainable
nature-based functional materials for biomedical sensor
technologies, Environ. Sci. Pollut. Res., 2024, 31, 57289–
57313.

11 K. Devi, S. Chakroborty, K. Pal, T. Yadav, J. Malviya, N. Nath,
F. P. Pandey, R. Saxena, M. Khatarkar and M. M. Abdullah,
Green synthetic approaches of silver nanoparticles
sustainable biomedical applications, J. Mol. Eng. Mater.,
2023, 11, 2440002.

12 N. Nath, S. Chakroborty and S. Moharana, Carbon
Nanotube-Polymer Nanocomposites for Biomedical
Applications, in Carbon Nanotube-Polymer Nanocomposites:
Synthesis, Properties, and Applications, Springer Nature
Singapore, Singapore, 2024, pp. 311–330.

13 S. Chakroborty, N. Nath, A. Jain, T. Yadav, A. S. Yadav,
F. P. Pandey, A. Sharma and Y. Agrawal, Recent
developments and trends in silver nanoparticles for
biomedical applications, in AIP Conference Proceedings, AIP
Publishing, 2024, vol. 3178.

14 Y. Liu and J. Shi, Antioxidative nanomaterials and
biomedical applications, Nano Today, 2019, 27, 146–177.

15 X. Zhu, Y. Li and N. Gu, Application of Articial Intelligence
in the Exploration and Optimization of Biomedical
Nanomaterials, Nano Biomed. Eng., 2023, 15, 342–353.

16 G. G. Naik and V. A. Jagtap, Two heads are better than one:
Unravelling the potential Impact of Articial Intelligence
in nanotechnology, Nano TransMed., 2024, 100041.

17 R. Sharma, K. S. Sharma and D. Kumar, Introduction to
nanotechnology, Nanomaterials in Clinical Therapeutics:
Synthesis and Applications, 2022, pp. 1–31.

18 G. G. Naik, T. Minocha, A. Verma, S. K. Yadav, S. Saha,
A. K. Agrawal, S. Singh and A. N. Sahu, Asparagus
racemosus root-derived carbon nanodots as a nano-probe
© 2025 The Author(s). Published by the Royal Society of Chemistry
for biomedical applications, J. Mater. Sci., 2022, 57, 20380–
20401.

19 G. G. Naik, R. Madavi, T. Minocha, D. Mohapatra, R. Pratap,
S. Shreya, P. K. Patel, S. K. Yadav, A. Parmar, A. Patra and
N. S. Jain, In vitro cytotoxic potential of cow dung and
expired tomato sauces-derived carbon nanodots against A-
375 human melanoma cell line, Arabian J. Chem., 2024, 17,
105576.

20 G. G. Naik, R. Pratap, D. Mohapatra, S. Shreya, D. K. Sharma,
A. S. Parmar, A. Patra and A. N. Sahu, From phytomedicine to
photomedicine: quercetin-derived carbon nanodots—
synthesis, characterization and healthcare applications, J.
Mater. Sci., 2023, 58, 13744–13761.

21 G. G. Naik, D. Mohapatra, S. Shreya, R. Madavi, Shambhavi,
P. K. Patel and A. N. Sahu, Nip in the bud: can carbon/
quantum dots be a prospective nano-theranostics against
COVID-19?, Bull. Mater. Sci., 2023, 47, 6.

22 B. Acharya, A. Behera, S. Behera and S. Moharana, Recent
advances in nanotechnology-based drug Delivery systems
for the diagnosis and treatment of Reproductive disorders,
ACS Appl. Bio Mater., 2024, 7, 1336–1361.

23 Intelligent Building Fire Safety and Smart Fire Fighting, ed. X.
Huang and W. C. Tam, Springer, 2024.

24 C. J. Liang, T. H. Le, Y. Ham, B. R. Mantha, M. H. Cheng and
J. J. Lin, Ethics of articial intelligence and robotics in the
architecture, engineering, and construction industry,
Autom. ConStruct., 2024, 162, 105369.

25 Y. Marquis, T. O. Oladoyinbo, S. O. Olabanji, O. O. Olaniyi
and S. A. Ajayi, Proliferation of AI tools: A multifaceted
evaluation of user perceptions and emerging trend, Asian J.
Adv. Res. Rep., 2024, 18, 30–55.

26 D. Kaur, S. Uslu, K. J. Rittichier and A. Durresi, Trustworthy
articial intelligence: a review, ACM Comput. Surv., 2022, 55,
1–38.

27 W. S. McCulloch and W. Pitts, A logical calculus of the ideas
immanent in nervous activity, Bull. Math. Biophys., 1943, 5,
115–133.

28 D. O. Hebb, The Organization of Behavior: A
Neuropsychological Theory, Psychology press, 2005.

29 A. M. Turing, Computing Machinery and Intelligence, Springer,
Netherlands, 2009.

30 F. Ramzan, M. U. Khan, A. Rehmat, S. Iqbal, T. Saba,
A. Rehman and Z. Mehmood, A deep learning approach
for automated diagnosis and multi-class classication of
Alzheimer's disease stages using resting-state fMRI and
residual neural networks, J. Med. Syst., 2020, 44, 1–6.

31 D. A. Hashimoto, G. Rosman, D. Rus and O. R. Meireles,
Articial intelligence in surgery: promises and perils, Ann.
Surg., 2018, 268(1), 70–76.

32 X. Y. Zhou, Y. Guo, M. Shen and G. Z. Yang, Application of
articial intelligence in surgery, Front. Med., 2020, 14, 417–
430.

33 V. Shukla and S. Choudhary, Deep learning in neural
networks: an overview, Deep Learning in Visual Computing
and Signal Processing, 2022, pp. 29–53.
Nanoscale Adv., 2025, 7, 3619–3630 | 3627

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00032g


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 6
:1

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
34 R. Weiss, S. Karimijafarbigloo, D. Roggenbuck and
S. Rödiger, Applications of neural networks in biomedical
data analysis, Biomedicines, 2022, 10, 1469.

35 Y. Li, B. Qian, X. Zhang and H. Liu, Graph neural network-
based diagnosis prediction, Big Data, 2020, 8, 379–390.

36 S. Liu, T. Li, H. Ding, B. Tang, X. Wang, Q. Chen, J. Yan and
Y. Zhou, A hybrid method of recurrent neural network and
graph neural network for next-period prescription
prediction, Int. J. Mach. Learn. Cybern., 2020, 11, 2849–2856.

37 X. Li, N. C. Dvornek, Y. Zhou, J. Zhuang, P. Ventola and
J. S. Duncan, Graph neural network for interpreting task-
fmri biomarkers, in Medical Image Computing and
Computer Assisted Intervention–MICCAI 2019: 22nd
International Conference, Shenzhen, China, 13–17, 2019,
Proceedings, Part V 22, Springer International Publishing,
2019, pp. 485–493.

38 B. Zohuri and M. Moghaddam, Neural Network Driven
Articial Intelligence: Decision Making Based on Fuzzy Logic,
Nova Science Publishers Incorporated, 2017.

39 B. Zohuri and S. Zadeh, Articial Intelligence Driven by
Machine Learning and Deep Learning, Nova Science
Publishers, 2020.

40 B. Zohuri and F. M. Rahmani, Articial intelligence versus
human intelligence: A new technological race, Acta Sci.
Pharm. Sci., 2020, 4, 50–58.

41 R. Feynman, There's plenty of room at the bottom, in
Feynman and Computation, CRC Press, 2018, pp. 63–76.

42 B. Acharya, A. Behera, S. Behera and S. Moharana, Recent
advances in nanotechnology-based drug Delivery systems
for the diagnosis and treatment of Reproductive disorders,
ACS Appl. Bio Mater., 2024, 7, 1336–1361.

43 A. S. Ahuja, The impact of articial intelligence in medicine
on the future role of the physician, PeerJ, 2019, 7, e7702.

44 F. A. Rathore and M. A. Rathore, The emerging role of
articial intelligence in healthcare, J. Pak. Med. Assoc.,
2023, 73, 1368–1369.

45 T. Panch, P. Szolovits and R. Atun, Articial intelligence,
machine learning and health systems, J. Glob. Health,
2018, 8, 020303.

46 A. A. Thomas, C. Zheng, H. Jung, A. Chang, B. Kim,
J. Gelfond, J. Slezak, K. Porter, S. J. Jacobsen and
G. W. Chien, Extracting data from electronic medical
records: validation of a natural language processing
program to assess prostate biopsy results, World J. Urol.,
2014, 32, 99–103.

47 H. Panwar, P. K. Gupta, M. K. Siddiqui, R. Morales-
Menendez and V. Singh, Application of deep learning for
fast detection of COVID-19 in X-Rays using nCOVnet,
Chaos Solitons Fractals, 2020, 138, 109944.

48 S. Gerke, T. Minssen and G. Cohen, Ethical and legal
challenges of articial intelligence-driven healthcare, in
Articial Intelligence in Healthcare, Academic Press, 2020,
pp. 295–336.

49 A. Shuaib, H. Arian and A. Shuaib, The increasing role of
articial intelligence in health care: will robots replace
doctors in the future?, Int. J. Gen. Med., 2020, 891–896.
3628 | Nanoscale Adv., 2025, 7, 3619–3630
50 M. Alshamrani, IoT and articial intelligence
implementations for remote healthcare monitoring
systems: A survey, J. King Saud Univ. Comput. Inf. Sci., 2022,
34, 4687–4701.

51 F. Farid, A. Bello, F. Ahamed, F. Hossain, F. Sabrina and
S. Sohail, AI Technologies in Reducing Hospital
Readmission for Chronic Diseases: A Recommended
Framework, IEEE International Conference on Future
Machine Learning and Data Science (FMLDS), 2024, pp. 63–68.

52 T. Shaik, X. Tao, N. Higgins, L. Li, R. Gururajan, X. Zhou and
U. R. Acharya, Remote patient monitoring using articial
intelligence: Current state, applications, and challenges,
Wiley Interdiscip. Rev.: Data Min. Knowl. Discov., 2023, 13,
e1485.

53 S. M. Abd El-atty and A. Tolba, A cross-layer approach for
optimization of molcom systems toward the internet of
bio-nanothings, IEEE Syst. J., 2018, 13, 2751–2762.

54 A. El-Fatyany, H. Wang and S. M. Abd El-atty, On mixing
reservoir targeted drug delivery Modeling-based Internet of
Bio-NanoThings, Wirel. Netw., 2020, 26, 3701–3713.

55 N. Ullah, X. Kong, Z. Ning, A. Tolba, M. Alrashoud and F. Xia,
Emergency warning messages dissemination in vehicular
social networks: A trust based scheme, Veh. Commun.,
2020, 22, 100199.

56 S. M. Abd El-atty, R. Bidar and E. S. El-Rabaie, MolCom
system with downlink/uplink biocyber interface for
Internet of Bio-NanoThings, Int. J. Commun. Syst., 2020, 33,
e4171.

57 A. El-Fatyany, H. Wang, S. M. Abd El-atty and M. Khan,
Biocyber interface-based privacy for internet of bio-nano
things, Wirel. Pers. Commun., 2020, 114, 1465–1483.

58 S. M. El-atty, N. A. Arafa, A. Abouelazm, O. Alfarraj,
K. A. Lizos and F. Shawki, Performance Analysis of an
Articial Intelligence Nanosystem with Biological Internet
of Nano Things, Comput. Model. Eng. Sci., 2022, 133(1),
111–131.

59 H. S. Shon, V. Kong, J. S. Park, W. Jang, E. J. Cha, S. Y. Kim,
E. Y. Lee, T. G. Kang and K. A. Kim, Deep learning model for
classifying periodontitis stages on dental panoramic
radiography, Appl. Sci., 2022, 12, 8500.

60 N. H. Solangi, S. A. Mazari, N. M. Mubarak, R. R. Karri,
N. Rajamohan and D. V. Vo, Recent trends in MXene-
based material for biomedical applications, Environ. Res.,
2023, 222, 115337.

61 F. Barati, M. Avate, N. B. Moghadam, S. Asghari, E. Ekrami
and M. Mahmoudifard, A review of graphene quantum dots
and their potential biomedical applications, J. Biomater.
Appl., 2023, 37, 1137–1158.

62 J. X. Zhang, Plasmonic MEMS, Springer, 2023.
63 S. Charles and J. Natarajan, Identication of key gene

modules and novel transcription factors in tetralogy of
fallot using machine learning and network topological
features, Medinformatics, 2024, 1, 27–34.

64 X. Zhang, X. Wu, Z. Xiao, L. Hu, Z. Qiu, Q. Sun, R. Higashita
and J. Liu, Mixed-decomposed convolutional network: A
lightweight yet efficient convolutional neural network for
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00032g


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 6
:1

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ocular disease recognition, CAAI Trans. Intell. Technol., 2024,
9(2), 319–332.

65 Z. H. Pengpei, Z. H. Fu and L. I. Yang, Research on high
performance evaluation method of seeker based on small
sample RBF neural network, J. Ordnance Equip. Eng., 2023,
44, 163–171.

66 Q. Meng, X. Sun, Y. Wang, J. Wu and C. Y. Su, Modeling and
Neural-Network-based Tail Oscillation Control of a Fish-like
Bionic So Actuation Mechanism, IEEE Rob. Autom. Lett.,
2025, 3827–3834.

67 F. Wang, D. T. Semirumi, A. He, Z. Pan and A. Alizadeh,
Physical, mechanical characterization, and articial neural
network modeling of biodegradable composite scaffold for
biomedical applications, Eng. Appl. Artif. Intell., 2024, 136,
108889.

68 P. Suriyaamporn, B. Pamornpathomkul, P. Wongprayoon,
T. Rojanarata, T. Ngawhirunpat and P. Opanasopit, The
articial intelligence and design of experiment assisted in
the development of progesterone-loaded solid-lipid
nanoparticles for transdermal drug delivery, Pharmacia,
2024, 71, 1–2.

69 W. C. Chou, Q. Chen, L. Yuan, Y. H. Cheng, C. He,
N. A. Monteiro-Riviere, J. E. Riviere and Z. Lin, An articial
intelligence-assisted physiologically-based pharmacokinetic
model to predict nanoparticle delivery to tumors in mice,
J. Controlled Release, 2023, 361, 53–63.

70 D. Saksenberg, S. Mukherjee, M. A. Zafar, B. Ziganshin and
J. A. Eleeriades, Pilot study exploring articial
intelligence for facial-image-based diagnosis of Marfan
syndrome, Heliyon, 2024, 10, e33858.

71 M. Wu, Z. Zhang, Z. Liu, J. Zhang, Y. Zhang, Y. Ding,
T. Huang, D. Xiang, Z. Wang, Y. Dai and X. Wan,
Piezoelectric nanocomposites for sonodynamic bacterial
elimination and wound healing, Nano Today, 2021, 37,
101104.

72 C. Wang, T. He, H. Zhou, Z. Zhang and C. Lee, Articial
intelligence enhanced sensors-enabling technologies to
next-generation healthcare and biomedical platform,
Bioelectron. Med., 2023, 9, 17.

73 A. Kumar, P. Daw and D. Milstein, Homogeneous catalysis
for sustainable energy: hydrogen and methanol economies,
fuels from biomass, and related topics, Chem. Rev., 2022,
202(122), 385–441.

74 M. Liu, J. Ji, P. Song, M. Liu and Q. Wang, a-Fe2O3
nanocubes/Ti3C2Tx MXene composites for improvement of
acetone sensing performance at room temperature, Sens.
Actuators, B, 2021, 349, 130782.

75 K. Yuan, C. Y. Wang, L. Y. Zhu, Q. Cao, J. H. Yang, X. X. Li,
W. Huang, Y. Y. Wang, H. L. Lu and D. W. Zhang,
Fabrication of a micro-electromechanical system-based
acetone gas sensor using CeO2 nanodot-decorated WO3
nanowires, ACS Appl. Mater. Interfaces, 2020, 12, 14095–
14104.

76 Q. Li, Y. Li and W. Zeng, Preparation and application of 2D
MXene-based gas sensors: A review, Chemosensors, 2021, 9,
225.
© 2025 The Author(s). Published by the Royal Society of Chemistry
77 S. D. Alharthi, D. Bijukumar, S. Prasad, A. M. Khan and
M. T. Mathew, Evolution in biosensors for cancers
biomarkers detection: a review, J. Bio Tribo Corros., 2021, 7,
1–7.

78 K. R. Khondakar, M. S. Anwar, H. Mazumdar and A. Kaushik,
Perspective of point-of-care sensing systems in cancer
management, Mater. Adv., 2023, 4, 4991–5002.

79 F. Alemi, R. Zarezadeh, A. R. Sadigh, H. Hamishehkar,
M. Rahimi, M. Majidinia, Z. Asemi, A. Ebrahimi-Kalan,
B. Youse and N. Rashtchizadeh, Graphene oxide and
reduced graphene oxide: Efficient cargo platforms for
cancer theranostics, J. Drug Delivery Sci. Technol., 2020, 60,
101974.

80 Y. J. Hwang, H. Yu, G. Lee, I. Shackery, J. Seong, Y. Jung,
S. H. Sung, J. Choi and S. C. Jun, Multiplexed DNA-
functionalized graphene sensor with articial intelligence-
based discrimination performance for analyzing chemical
vapor compositions, Microsyst. Nanoeng., 2023, 9, 28.

81 M. Huang, Z. Li and H. Zhu, Recent advances of graphene
and related materials in articial intelligence, Adv. Intell.
Syst., 2022, 4, 2200077.

82 S. Das, H. Mazumdar, K. R. Khondakar and A. Kaushik,
Machine learning integrated graphene oxide-based
diagnostics, drug delivery, analytical approaches to
empower cancer diagnosis, BMEMat, 2024, e12117.

83 W. Zhao, L. F. Al-Nasser, S. Shan, J. Li, Z. Skeete, N. Kang,
J. Luo, S. Lu, C. J. Zhong, C. J. Grausgruber and R. Harris,
Detection of mixed volatile organic compounds and lung
cancer breaths using chemiresistor arrays with crosslinked
nanoparticle thin lms, Sens. Actuators, B, 2016, 232, 292–
299.

84 V. B. Phung, T. N. Tran, Q. H. Tran, T. T. Luong and
V. A. Dinh, Graphene as a sensor for lung cancer: insights
into adsorption of VOCs using vdW DFT, ACS Omega, 2024,
9(2), 2302–2313.

85 Q. Chen, Z. Chen, D. Liu, Z. He and J. Wu, Constructing an E-
nose using metal-ion-induced assembly of graphene oxide
for diagnosis of lung cancer via exhaled breath, ACS Appl.
Mater. Interfaces, 2020, 12(15), 17713–17724.

86 N. Kumar, M. Goel and J. R. Ansari, Articial intelligence
powered nanobots using nanomaterials for early disease
identication, RP Curr. Trends Eng. Technol., 2023, 2, 68–72.

87 D. Wu, J. Lu, N. Zheng, M. G. Elsehrawy, F. A. Alfaiz, H. Zhao,
M. S. Alqahtani and H. Xu, Utilizing nanotechnology and
advanced machine learning for early detection of gastric
cancer surgery, Environ. Res., 2024, 245, 117784.

88 Z. Zhang, X. Liu, H. Zhou, S. Xu and C. Lee, Advances in
machine-learning enhanced nanosensors: from cloud
articial intelligence toward future edge computing at chip
level, Small Struct., 2024, 5(4), 2300325.

89 Y. X. Leong, E. X. Tan, S. X. Leong, C. S. Lin Koh, L. B. Thanh
Nguyen, J. R. Ting Chen, K. Xia and X. Y. Ling, Where
nanosensors meet machine learning: Prospects and
challenges in detecting Disease X, ACS Nano, 2022, 16(9),
13279–13293.

90 B. A. Taha, Q. Al-Jubouri, S. Chahal, Y. Al Mashhadany,
S. Rustagi, V. Chaudhary and N. Arsad, State-of-the-art
Nanoscale Adv., 2025, 7, 3619–3630 | 3629

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00032g


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 6
:1

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
telemodule-enabled intelligent optical nano-biosensors for
procient SARS-CoV-2 monitoring, Microchem. J., 2024,
197, 109774.

91 A. Mansur, A. Vrionis, J. P. Charles, K. Hancel,
J. C. Panagides, F. Moloudi, S. Iqbal and D. Daye, The role
of articial intelligence in the detection and
implementation of biomarkers for hepatocellular
carcinoma: outlook and opportunities, Cancers, 2023,
15(11), 2928.

92 S. Ghateii and A. Jahanshahi, Colorimetric detection of
glucose with smartphone-coupled mPADs: Harnessing
machine learning algorithms in variable lighting
environments, Sens. Actuators, B, 2024, 400, 134835.
3630 | Nanoscale Adv., 2025, 7, 3619–3630
93 C. W. Smith, M. S. Hizir, N. Nandu and M. V. Yigit,
Algorithmically guided optical nanosensor selector
(AGONS): guiding data acquisition, processing, and
discrimination for biological sampling, Anal. Chem., 2021,
94(2), 1195–1202.

94 B. Zohuri and F. Behgounia, Application of articial
intelligence driving nano-based drug delivery system, in A
Handbook of Articial Intelligence in Drug Delivery,
Academic Press, 2023, pp. 145–212.

95 B. Zohuri andM.Moghaddam, Articial Intelligence Driven by
a General Neural Simulation System (GENESIS), Nova Science
Publishers, Incorporated, 2018.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00032g

	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications
	A review of emerging trends in nanomaterial-driven AI for biomedical applications


