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Abstract: The integration of artificial intelligence (AI) with nanoparticle technology represents a
transformative approach in precision oncology, particularly in the development of targeted anticancer
drug delivery systems. In our study, we found out that the application of Al in the field of drug delivery
enhances the value of nanoparticles in increasing the efficiency of drug delivery and decreasing side
effects from specifically targeted mechanisms. Moreover, we considered urgent issues that exist in
present-day nanoparticle fabrication such as scalability and regulatory issues and suggest Al solutions
that would help overcome these issues. In the same manner, we focused on the utilization of Al in
enhancing patient-centered treatment through the establishment of drug delivery systems that will
complement the genetic and molecular makeup of patients. Additionally, we present evidence
suggesting that Al-designed nanoparticles have the potential to be environmentally sustainable
alternatives in cancer therapy. Al is presented as capable of creating synergies with bioengineering
methods like CRISPR or gene therapy and able to show potential directions for enhancing the
efficiency of nanoparticle-based cancer therapies. In implementing these findings, we systematically
discuss and highlight ongoing work and potential development trends in Al-aided nanoparticle
research, asserting that it has the potential to greatly enhance oncology therapy.
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1. Introduction

Precision oncology is an approach to treating cancer that is tied to the molecular, epigenetic, and
phenotypic profiles of a patient’s tumor. This approach highlights the importance of comprehending
tumor heterogeneity, which is the difference in cells constituting the tumor, within a patient or between
two patients. For example, the EPR effect is a foundation for drug delivery in precision oncology, but
its variability across tumors confounds nanoparticle-based drug delivery systems [1,2]. Hence, the
effectiveness of therapies should depend on the type of tumor, which contributes to high treatment
effectiveness.

The personalized treatment approach is even more important given the recent development of
liquid biopsies, which enable the identification of circulating tumor cells and DNA. This technology
enables actual time tracking of the interferometric heterogeneity of tumors and their reactions to certain
treatments on the basis of the patient’s genome [3]. Furthermore, progress in molecular targeted therapy,
especially in lung cancer, indicates how precise knowledge of the differences in the biochemical
properties of neoplastic cancer cells allows proper targeted therapy [4]. Cancer treatment is challenging
because cancer biomarkers are available, AJSW

The human body is unique. This heterogeneity is present on the spectrum of different cancer types,
in which patients have different molecular profiles and certain driver mutations that contribute to high
tumor heterogeneity—a problem for cancer therapy [5,6]. In this period, diagnostic NPs, including
QDs, AuNPs, and PDs, have been used for distinguishing patient-specific diseases [7,8] (see Figure 1).
These enhancements can be carried out further by therapeutic nanotechnologies that could provide
improved targeted medical therapies and enhanced personalized medicine. However, the problem of
tumor heterogeneity hinders the construction of a systematic diagnostic and therapeutic model that can
effectively process patient data. The combination of artificial intelligence (Al) and nanotechnologies
can be considered a solution [9]. Al can utilize a large amount of patient information, estimate patient
prognosis, assess pharmacodynamics/toxicodynamics in near real time, and help in the detection of
cancer biomarkers. In addition, optimization that is intrinsic to Al might improve nanomedicine by
fine-tuning the properties of the chosen materials and accelerating the study of drug-pharmacological
interactions and molecular recognition with the immune system and cellular membrane. In general, the
integration of Al and the concept of precision medicine stems from the complexity involved in cancer
therapy and enables the development of better healthcare models that individuals can experience [9].
Most progressive developments in material science have made new formulations that have better
characteristics and are important in numerous ways, including catalysis and energy storage [10].

While precision oncology holds much potential in relation to patient treatment, several obstacles
exist that may prevent its greater use. A concern that can be raised is the low effectiveness of targeted
treatments and the emergence of drug resistance most of its time. It is therefore critical to appreciate
the inherent biological pathways that underlie drug resistance in the management of this disease to
identify molecular targets for resistance reversal [11]. For example, various molecular changes require
distinct treatments; nonetheless, the manageability of such treatment regimens can present substantial
challenges in clinical practice [3]. Furthermore, challenges in delivering therapeutic agents beyond
biological barriers continue to be a major challenge in precision oncology [12]. Research has
demonstrated that new design strategies involving DNA nanostructures can potentially improve
targeted drug delivery and reduce side effects, as noted by Prabhakar et al. (2013), who reported that
despite the advancements in targeted drug delivery systems employing the EPR effect, the variability
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of the latter makes it necessary to conduct ongoing research to identify more efficient delivery systems
that can increase patient outcomes [2]. Researchers have focused on the interfaces of various systems
at the atomic and molecular level. This understanding not only extends to the design of better catalysts
but also involves possibilities for the preparation of materials with specific functions. For instance,
some researchers investigated the preparation of composite materials incorporating organic structures
and metallic colloid, showing higher conversion efficiency than conventional ways [13].
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Figure 1. Nanoparticles for drug delivery may need to change to give the reader a fresh
concept. Here is a revised version: Nanoparticle-Mediated Targeted Drug Delivery to
Cancer Stem Cells [14] by Bio Render, October 2024.

Notably, however, there are many deficiencies in the knowledge base of precision oncology.
Much more work remains to be done in ‘painting the complete picture’ of heterogeneity within tumors
and multiagent resistance as well as refining approaches to targeting malignant tissues with therapeutic
agents. In the same way, the use of Al in processing large aggregates may improve the knowledge of
tumor features and contribute to personalized treatments [15].

The research and development of advanced materials and related disciplines have become more
popular, with chemistry and material science being the most prominent disciplines. One growing
research area that has attracted a lot of interest is the synthesis and investigation of new materials with
specific properties. For instance, current research shows that distinct organic and inorganic species
contribute to the improvement of the catalytic reactions, which are important for several
industries [ 16]. Further, the analytical methods have been enhanced to provide a clearer comprehension
of the structural and functional characteristics of these materials. Methods like spectroscopy and
microscopy are used more frequently to explain higher performance of Mercury Cathode Operating
Point devices [17].

Future work should also address technologies that are under development, including blood-based
diagnostic techniques, also known as liquid biopsies, as well as advanced drug delivery systems.
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2. Review methodology

A comprehensive search strategy was employed to identify relevant sources for this review article,
in which we explore harnessing Al-driven nanoparticle design for precision oncology. The literature
search was conducted through academic databases, including PubMed, Web of Science, and Scopus,
with studies, reviews, and reports conducted between 2010 and the present. To improve the
identification of selected studies, search terms such as “Al-Driven Nanoparticle Design,” “Precision
Oncology,” “Biomedical Science,” “Robotics,” and “Healthcare Innovation” were used during the
identification of the articles. Accordingly, articles, reviews, and reports were chosen by adhering to
preset inclusion and exclusion criteria pertinent to the research question. The criteria for the inclusion
of those sources were as follows: the sources must be in English, describing the modern achievements
in the spheres of Al applied in oncology, the topic of robotics in the sphere of nanoparticle delivery
systems, and the sources must be published between 2005 and 2023. This systematic approach to using
keywords was intended to provide both the breadth and currency of the literature so that more novel
and potential developments in the field could be examined in this review.

3. Role of nanoparticle design in precision oncology

In precision oncology, the mode of modifying the size and shape of the nanoparticles for the
delivery of drugs becomes critical because the greater efficiency of the specifically oriented drug
carriers reduces side effects. This is due to the attributes of engineered nanoparticles (NPs), which are
designed to locate cancer cells and deliver therapeutic agents to such cells owing to their size, shape,
and surface coatings. Active targeting can be further divided into invasive targeting, which makes use
of the known phenomenon of the EPR effect in tumors, and active targeting, where NPs are conjugated
with ligands that specifically recognize receptors abundant in cancer cells [18,19]. Smart nanoparticles
can respond to certain biological signals, meaning that drug delivery in tumors is localized and self-
administered by patients [1,18]. This design also facilitates multitreatment regimens through
coencapsulation of various treatment molecules or multifunctionality, where diagnostics and treatment
are combined in a nanoparticle (theranostics), which can lead to the emergence of drug resistance [20].
The evolving field of research in certain areas of nanoparticle-based systems points toward a sociology
revolution in cancer treatment produced by increasing the precision and efficacy profile of CD
treatments that are tailored to fit patient types.

3.1. Nanoparticles in cancer therapy

Cancer is one of the most significant threats to global health, causing both remarkable economic
losses and social stresses at the most sensitive levels. The American Cancer Society estimated that
in 2022, there would be approximately 1,918,030 new cancer cases and 609,360 deaths in the United
States [21]. More people die from lung cancer and colon or rectal cancer and from breast cancer in
women as well as prostate cancer in men (Figure 2). The incidence of cancer is even higher in the
European region, as it contributes to approximately 24% of total world cancer cases; however, it affects
only 10% of the world’s population. Lung cancer is the leading cause of cancer-related deaths, claiming
more than 350 lives each day in the United States alone. According to ACS, with present trends
persisting, approximately 35 million new cancer cases will occur by 2050, mainly because of
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population rise and aging. Some of these risks are smoking, consuming too much alcohol, having an
unhealthy diet, and doing little or no exercise. The greatest increase is projected among low- and
middle-income countries, where cancer is the fourth main cause of mortality in people younger
than 70 years and may further deteriorate [22].

Consequently, owing to the adverse side effects of conventional cancer therapies, scientists are
considering nanoparticles as potential kids for cancer therapies [23]. Nanoparticles offer operating
functions for improving the bioavailability of deliverable agents in drug delivery systems since they
help reduce interference from side effects. Because of their properties, they exhibit selective therapy,
which is very advantageous in developing nations where most therapies cannot be implemented [24].
The discovery of nanoparticles has revolutionized cancer therapy, especially in drug delivery systems.
Lipid nanoparticles have received attention because of their physicochemical properties, which make
them superior to conventional therapies, including high stability, improved biocompatibility, and
targeted delivery. According to Yao et al. (2020), hybrid nanoparticles combine the characteristics of
various nanoparticles; these kinds of nanoparticles have been shown to enhance drug delivery and
overcome drug resistance. This remains important, as drug resistance remains a critical issue in the
management of cancer through mechanisms such as efflux, which is enhanced by increased efflux
transporter proteins and apoptotic dysfunction. This finding demonstrates the ability of nanoparticles
to both exert pressure on malignant cells to reveal their mechanisms of drug resistance and, more
generally, the ability of nanoparticles in chemotherapy, targeted therapy and immunotherapy as
valuable alternatives for the expectant treatment of patients [20].
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Figure 2. Some examples of comparative observed rates of various male and female cancer
incidences and mortalities inside and outside the top ten nations in the world for the year
2020, as estimated by GLOBOCAN 2020. The image is adapted from
https://www.uicc.org/news/globocan-2020-new-global-cancer-data.
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The subsequent development of nanoparticle technology has led to the incorporation of
combination chemotherapy regimens with nanoparticle drug delivery products. According to Hu et al.
(2010), nanoparticles enhance the pharmacokinetics of multiple drugs and thus decrease side effects
and increase therapeutic effectiveness. This dual approach enhances the delivery of chemotherapeutic
agents and solves a series of problems associated with the formulation of nanoparticles that release
drugs at the required site. Researchers address the importance of accurately conveying the design nous
for these systems toward drug release and targeting, suggesting a future research avenue [25].

The shape and size of nanoparticles also significantly influence their efficiency as drug carriers.
Truong et al. (2015) reported that the shape of nanoparticles determines biocirculation and cellular
uptake; irregularly shaped nanoparticles provide better drug delivery properties than spherical
nanoparticles do. While the other morphologies, e.g., filamental or disk-like nanoparticles, hold much
promise, the fact that most nanoparticle-based applications being developed today are spherical
indicates that there is room for more research into the creation of nanoparticles that have more diverse
morphologies for better cancer treatment [26].

The focus is on examining the complex interplay between nanoparticles and cancer treatments,
highlighting their diverse types and the regulatory pathways established by the FDA. The first
nanoparticle approved by the FDA in 1995 was PEGylated liposomes with doxorubicin (Doxil), which
is intended for treating AIDS-related Kaposi’s sarcoma. When formulated in this way, the detrimental
reactions of doxorubicin were minimized. Since then, more liposomal formulations have entered the
market and been approved for cancer treatment, such as Myocet and DaunoXome (Table 1) [27-29].
Two prominent groups of nanocarriers, which are based on phospholipid molecules, are liposomes and
micelles; however, the two remain dissimilar in shape and structure. These nanoparticles are mainly
used for solubilization of hydrophilic drugs into their central aqueous compartment, mimicking
biological cell membranes. Lipophilic drugs can be physically adsorbed on the liposome surface,
incorporated within the bilayer, or be chemically conjugated with the liposome [30]. On the other hand,
micelles can incorporate hydrophobic medications within the hydrophobic tail portion of the micelles.
Other formulations based on polymeric nanoparticles are approved by the FDA, including Abraxane
(albumin—paclitaxel particles for pancreatic ductal adenocarcinoma and metastatic breast cancer) and
Ontak (recombinant protein of diphtheria toxin with interleukin-2 for non-Hodgkin’s peripheral T-cell
lymphoma) [31]. These formulations have demonstrated improved circulating toxicity as well as
biocompatibility, with certain drawbacks in associated drug content [32,33].
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Table 1. FDA-approved nanomedicines based on nanoparticles for cancer therapy from

2010-2024.

Drug Name  Type of Active Drug Type of  Cancer Year of Ref
Nanoparticle Targeted Approval

Doxil Liposome Doxorubicin Breast cancer, ovarian 2010 [34]

cancer

Abraxane Albumin- Paclitaxel Breast cancer, non- 2012 [35]
bound small cell lung cancer
nanoparticle

Onivyde Liposome Irinotecan Pancreatic cancer 2015 [36]

Vyxeos Liposome Cytarabine and Acute myeloid 2017 [37]

Daunorubicin leukemia
Epcoritamab Nanobody Monoclonal B-cell malignancies 2022 [38]
antibody

Carvykti CAR-T-cell Abecma Multiple myeloma 2021 [39]
therapy

Marqibo Liposome Vincristine Acute lymphoblastic 2018 [40]

leukemia

Pemetrexed  Polymeric Pemetrexed Mesothelioma, non- 2020 [41]
nanoparticle small cell lung cancer

Libtayo Nanobody Cemiplimab Cutaneous squamous 2022 [42]

cell carcinoma

Recent debates in the creation of new nanoparticles (NPs) have shifted to consider the
characterization of NPs and controlling their design and formulation. This optimization particularly
aims to achieve optimal biological compatibility and loading capacity in relation to the agent’s
systemic toxicity. Inorganic NPs, as a class of nanoparticles, have high stability coefficients and low
biodegradability [43]. A formula named Nanotherm, in which iron oxide coated with amino silane is
preferable, has received approvals for glioblastoma treatment. Another inorganic NP type is quantum
dots, which are a group of semiconductor nanocrystals with complementary optical and electrical
characteristics [43]. These characteristics make them highly fluorescent together with their relative
photobleaching stability, which is essential for imaging and detection. Some analyses have shown that
they are conjugated with anti-HER2 antibodies and coated with poly(ethylene glycol) (PEG) to
strengthen the targeting selectivity of tumor cells [44]. Gold nanoparticles are also good examples of
the versatility of inorganic NPs. These properties, coupled with their optical, electrical, and low toxicity,
make them applicable in imaging techniques such as contrast agents in computed tomography and
photoacoustic imaging [45]. One of the nanocarriers, AuroShell, is a PEG-coated gold nanoshell with
a silica core that was approved by the FDA in 2012 to treat breast cancer through photodynamic
therapy [46].

3.2. Al-Driven nanoparticle design

The integration of artificial intelligence with the design of micro- and nanoparticles has become
one of the most powerful tools in the field of nanomedicine for improving drug delivery systems.
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Practical applications of Al technologies include selecting the appropriate nanoparticle size, shape,
and surface chemistry to facilitate drug targeting and the controlled release of the drug [47]. Big data
and data mining techniques help researchers mimic molecular interactions to understand nanoparticle
behavior in biosystems, which enhances the response of customized drugs to complex diseases such
as cancer and genetic disorders [48].

Modern partnerships with commercial and academic partners showing how academic research
can turn to Al in designing nanoparticles. For example, the Cardiff University and AstraZeneca
partnerships revealed how the Al approach can significantly improve the optimization of the plethora
of parameters of the synthesis process, resulting in the design of more effective nanoparticles than the
initial prototypes. This computational learning application is thus used to fashion nanoparticles to
deliver specific therapeutic molecules with improved stability and enhanced drug loading and
efficiency at site deposition within the body [49]. Such development not only provides conducive
therapeutic gain but also minimizes side effects that are systemically induced, as in conventional
dosing systems.

By developing and optimizing the nanomaterial fabrication approach, a combinatorial synthesis
strategy guided by high-throughput experimental data is crucial for future research. For example, Chan
et al. developed a reproducible approach for high-throughput synthesis of colloidal nanocrystals that
allows for a systematic approach involving multiple parameter spaces [50]. By doing so, this approach
enables better control over synthesis procedures while also improving reusability and final nanocrystal
properties. Similarly, Kajita et al. used an ensemble descriptor that combines high-throughput
screening with machine learning for the effective identification of promising SICs from databases of
numerous materials. Although they used only a limited number of instances for training, their method
succeeded in achieving the best performance in terms of inference power. Both examples reflect the
critical contribution of machine learning and high-throughput data for the synthesis of new
materials [51]. This method will also be applicable to the large-scale exploration of biomedical
nanomaterials if proper and efficient variables are found. For example, Yamankurt et al. described one
thousand candidates to optimize spherical nucleic acids (SNAs) via different SNA design parameters.
They introduced a high-throughput screening procedure to assess the activity of SNA-based
nanoformulations and used the data to develop a classification model for predicting the activity of
newly synthesized SNA formulations [52].

Defects play an important role in the properties of nanomaterials and may be categorized as point,
line, or surface defects. However, structural defects are very often difficult and tedious to evaluate and
visualize, which tends to be accomplished via high-end techniques such as high-resolution
transmission electron microscopy. Nevertheless, nanoscale materials that possess defects can possess
fantastic optical and physical properties, such as enhanced redox reaction capacity [53]. Wu et al.
sought to understand how defects govern the performance of nanomaterials and sought to create a
collection of 425 metal-organic frameworks (MOFs) with defects. To better understand the effects of
defects on MOF materials, they trained decision tree and logistic regression models on this dataset.
Additionally, defect detection and identification during nanomaterial characterization could be
achieved more quickly via deep learning methods in the analysis of microscopy images [54]. These
breakthroughs have improved the understanding of structural weaknesses and structural phase
fluctuations over nanomaterials, which are necessary for developing defensively asymmetric
materials [54].
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Figure 3. Methodology for classifying defects in metal-organic frameworks (MOFs)
through deep learning and decision trees. © 2020 American Chemical Society [54].

The inverse methodology behind this design approach is transformative for the rational synthesis
of nanomaterials, emphasizing functionality-directed features. This method fixes the functional
requirements and changes the material structural parameters. For example, Li et al. presented a novel
revelation of random forest multiobjective regression for inverse design, which has largely focused on
predicting structural features given the desired properties [55]. Using multitarget algorithms, they
mapped the vast design space of multifunctional nanoparticles to identify structure—activity
relationships that delivered desired performance features.

Similarly, Thomas et al. and colleagues used a decision tree algorithm to identify how the physical
properties of nanoparticles, such as size and zeta potential, are essential in relation to the immune
response of organisms. In particular, we aimed to understand how the complement system and its
reaction to the presence of nanomaterials are affected by specific nanoparticle characteristics. In this
way, it is possible to make nanoparticles safer and more biocompatible and ensure that the physical
properties of nanomaterials can be regulated to influence the immune response. Specifically, it is
crucial for nanoparticles to avoid being detected by the immune system while being active in the
organism to achieve the planned therapeutic effects [27,56]. Boso et al. and colleagues studied how
well artificial intelligence can predict whether tiny light-up plastic beads will stick to glass sides
depending on how fast the liquid moves and how large the beads are. Moreover, this also means that
designing these particles just right can help them stick to places where we need them, such as sick
parts of the body. This finding indicates that using an inverse design not only increases performance
but also causes therapy to be more effective [57].

3.3. Integration of Al-Driven nanoparticles: Advancing precision medicine in cancer therapy

The term “precision medicine,” closely linked to the concept of personalized treatment, started to
capture considerable interest around the year 2010. In 2015, the National Research Council and
President Obama’s Precision Medicine Initiative worked to create customized treatments for people
on the basis of their unique health information [57]. Although precision medicine and personalized
medicine are often viewed as the same, there are slight distinctions between the two. The U.S. National
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Research Council supports the use of the term “precision medicine,” suggesting that it includes more
detailed differences in meaning. This ambiguity has sparked scholarly debates concerning related ideas
such as stratified medicine P4. Through the use of extensive patient data, such as genetic details and
molecular traits, precision medicine enables healthcare providers to predict disease progression and
customize preventive strategies accordingly [58,59]. Moreover, it assists in the introduction of targeted
prevention methods on the basis of personal risk evaluations, potentially reducing the chances of tumor
development or progression. This all-encompassing approach positions precision medicine not only as
a treatment method but also as a proactive strategy for disease prevention and management [60].

Innovations in tumor biology have enabled scientists to focus on different cancer cell surface
proteins, disrupted oncogenes, and signaling pathways for targeted drug delivery. There is an urgent
demand for more effective drug delivery systems, which has prompted the investigation of Al-driven
nanoparticles. These nanoparticles use artificial intelligence to enhance their design and effectiveness,
potentially changing the environment of cancer treatment [61].

Figure 4 shows the two main strategies used by Al-driven nanoparticles (NPs) for delivering
treatments in oncology: Passive and active targeting [62]. Passive targeting relies on the enhanced
permeability and retention (EPR) effect, which exploits the irregular structure of blood vessels and
poor lymphatic drainage often observed in tumors. On the other hand, active targeting involves
engineering NPs with ligands that target receptors that are overexpressed on cancer cells, assisting
accurate drug delivery [63,64]. Al algorithms can improve this method by predicting the best ligand—
receptor interactions and configurations of nanoparticles, thus increasing their effectiveness and
specificity [62].
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Figure 4. This illustration represents the concept of using nanoparticles for targeted drug
delivery in precision cancer medicine. Engineered nanoparticles transport therapeutic
agents directly to cancer cells, increasing the effectiveness of the medications while
minimizing undesirable side effects. This approach uses the distinct characteristics of
nanoparticles, including their size, surface modifications, and ability to react to specific
biological signals, to enhance treatment outcomes and reduce overall toxicity (created with
BioRender.com).
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This illustrates the important role of Al-driven nanoparticles (NPs) in enhancing precision
medicine approaches for cancer therapy. NPs incorporate targeting ligands such as aptamers, small
molecules, and antibody fragments, which bind to receptors that are overexpressed on cancer cells.
This strategy increases the specificity for tumors while minimizing off-target toxicity. In addition, the
inclusion of cancer-targeting ligands in NPs improves their uptake and supports receptor-mediated
endocytosis.

Antibodies are among the most used ligands for active targeting. They are favored because they
are easily accessible, have a high binding affinity, and target cancer cells, including those found in
breast cancer. The distinctive Y-shaped structure of these proteins allows their two arms to attach
effectively to antigens. In addition, small peptides and proteins can be alternative ligands. These
alternatives offer several benefits, such as lower molecular weights, improved diffusion properties,
reduced immunogenicity, simpler production, and greater flexibility in chemical conjugation
methods [65]. Aptamers are short strands of RNA or DNA that consist of a single chain. These
oligonucleotides can assume distinct shapes, enabling them to bind specifically to certain targets. This
ability results in the formation of complex three-dimensional structures that attach securely to surface
markers [65].

Table 2 provides an overview of different ligand-targeted nanoparticles that are currently in
clinical trials. This emphasizes the use of Al-driven techniques to enhance precision in cancer
treatment. These nanoparticles are designed to deliver therapeutic agents directly to cancer cells, which
improves drug effectiveness while minimizing off-target side effects. The table features various ligands,
including antibodies, peptides, and aptamers, that allow for selective binding to receptors that are
overexpressed on tumor cells. Additionally, the role of artificial intelligence in optimizing nanoparticle
design and functionality is discussed, showing how Al can predict interactions and enhance targeting
capabilities. By implementing these advanced strategies, researchers aim to address issues related to
tumor heterogeneity and physiological barriers, with the objective of improving treatment outcomes
and reducing overall toxicity in cancer patients.

Prostate-specific membrane antigen (PSMA) is highly abundant in prostate cancer. This
characteristic makes it a critical target for the direct administration of treatments to prostate
tumors [72]. Efforts have been made to use PSMA for directed drug delivery. One example is the
development of PSMA-targeted polymeric nanoparticles that contain docetaxel (BIND-014). This
formulation has been used in phase I and II clinical trials, demonstrating its ability to specifically target
metastatic prostate cancer cells that express the PSMA receptor [73]. Preclinical toxicokinetic studies
carried out in different animal models have shown that BIND-014 is located within blood vessels. This
has resulted in enhanced effectiveness against several types of cancer, such as cervical cancer and
cholangiocarcinoma [74]. Including the PSMA-targeting ligand on these nanoparticles led to increased
absorption by cancer cells and new blood vessels. This effect is supported by improved permeation
and retention (EPR) [75]. In a phase II clinical trial, BIND-014 demonstrated antitumor effects in
patients with metastatic castration-resistant prostate cancer. This led to an improvement in median
overall survival and a major reduction in PSA levels for certain patients [76].
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Table 2. Nanoparticles that target specific ligands used for precise cancer treatment in
clinical trials. These innovative therapies use Al-driven nanoparticles.

Nanoparticle Ligand Type Targeted Al Application Clinical Ref
Name Cancer Type Trial
Phase

Doxil Antibody Breast Cancer Al algorithms optimize Phase III ~ [20]

formulation and dosing
Abraxane Albumin Non-Small Machine learning Phase I1 [66]

Cell Lung predicts patient
Cancer response

ONPATTRO siRNA Amyloidosis Al enhances delivery Phase Il  [67]

efficiency
Docetaxel- Small Prostate Al models optimize Phase Il [20]
Loaded NPs  Molecule Cancer nanoparticle design
HER2- Monoclonal  Gastric Cancer Al assists in biomarker Phase Il [61]
Targeted NPs  Antibody profiling
RNAI Aptamer Ovarian Al predicts interactions Phase I [68]
Nanoparticles Cancer with cancer biomarkers
Paclitaxel- Peptide Breast and Al optimizes drug Phase Il [66]
Loaded NPs Lung Cancer  release profiles
Hybrid Combination Various Al aids in hybrid Phasel [69]
Liposome- of Ligands Cancers nanoparticle stability
NPs
Silica-Core Small Pancreatic Al improves targeting Phase II [70]
NPs Molecule Cancer accuracy
Theranostic ~ Diagnostic Multiple Al integrates imaging Phase Il [71]
NPs Ligand Cancer Types and therapeutic

functions

In precision medicine, the use of certain biomarkers plays an important role. For example, PSMA
is used in prostate cancer, whereas HER?2 is relevant in breast cancer. This marked an important shift
toward personalized treatment methods. HER2 is frequently overexpressed in numerous breast cancers,
prompting the attachment of HER2 ligands to various nanoparticles to effectively target these
cells [77]. Preliminary clinical trials have indicated that formulations such as MM-302, which are used
both on their own and alongside trastuzumab, exhibit enhanced effectiveness and safety for patients
with metastatic breast cancer [78]. However, findings from phase II trials revealed no important
survival advantage compared with traditional chemotherapy. Other receptors of interest in breast
cancer treatment include the transferrin receptor (TfR), epidermal growth factor receptor (EGFR), and
folate receptor. For example, rapamycin-loaded PLGA nanoparticles combined with EGFR antibodies
have shown improved cellular uptake and increased apoptotic effects in human breast cancer cells [79].

In non-small cell lung carcinoma (NSCLC), there are high levels of epidermal growth factor
receptor (EGFR). MUCI is another glycoprotein that is often overexpressed in both lung and breast
cancers [80]. Researchers conducting clinical trials for lung cancer are investigating tecemotide, a
synthetic lipopeptide that specifically targets MUCI1 [81]. This treatment is being assessed for its
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effectiveness as maintenance therapy following chemoradiotherapy. Although it has shown a favorable
tolerability profile, its effectiveness remains somewhat limited [82]. Other novel strategies include the
use of gelatin carriers that are modified with biotinylated EGF to assist in the targeted delivery of
cisplatin, which has led to decreased kidney toxicity in preclinical studies. Moreover, mesoporous
silica nanocarriers that focus on LHRH receptors have proven to be effective in delivering anticancer
agents directly into lung cancer cells [83].

4. Applications of AI-Driven nanoparticle design in precision oncology and case studies
4.1. Enhanced diagnostic capabilities

Combining Al with nanoparticle technology is transforming diagnostics, especially in biomedical
fields. Numerous studies emphasize that improving the properties of nanoparticles—such as their size,
shape, and surface chemistry—is essential for increasing their diagnostic effectiveness. For example,
Hoshyar et al. (2016) emphasized the ability of Al-driven machine learning algorithms to predict the
optimal arrangements of nanoparticles that enhance cellular interactions and imaging efficiency. This
progress creates possibilities for developing customized probes for molecular imaging [84]. The
improved ability to predict outcomes enhances both the sensitivity and specificity of disease
diagnostics. Additionally, it simplifies the design process, leading to increased efficiency [84].
Quantum dots (QDs) are a major area where Al can greatly improve diagnostic capabilities.
Zrazhevskiy et al. (2010) emphasized that Al techniques can enhance the design of QD probes by
analyzing their photophysical properties and surface chemistry for specific diagnostic applications. By
predicting QD performance in various biological environments, Al has aided in the development of
multifunctional nanodevices that can provide real-time imaging, thus accelerating the transition of QD
technology from research laboratories to clinical practice [85]. Gold nanoparticles are important
because of their use in cancer diagnostics and treatment. Singh et al. (2018) described how Al can
enhance the targeting and functionalization of gold nanoparticles, increasing their effectiveness in
locating tumor cells. This development eventually leads to more accurate cancer detection.
Additionally, Al's capacity to assist in developing personalized treatment plans emphasizes its essential
importance in enhancing patient outcomes in cancer therapy [86].

In addition, multifunctional nanoparticles are used for targeted molecular imaging in computed
tomography (CT) diagnostics, emphasizing the extensive applications of Al in this field. Kim et al.
(2010) demonstrated that Al-driven techniques can enhance nanoparticle design by optimizing
particular ligands, which improves targeting accuracy and enriches patient care by merging imaging
with therapeutic methods [87]. Magnetic nanoparticles (MNPs) play a major role in both diagnostics
and therapy, as noted by Wilson et al. (2012). Employing Al to improve the synthesis and
functionalization of MNPs for biosensing applications can lead to the development of highly sensitive
diagnostic instruments. These instruments use the unique characteristics of MNPs, which can enhance
disease detection and monitoring [88]. In addition, Dias and Torkamani (2019) described how artificial
intelligence can enhance the design of nanoparticle—antibody conjugates that are used in LSPR
bioassays. This enhancement increases the sensitivity of detection methods and aids in the
development of highly sensitive assays for analytes found at low concentrations. The application of Al
in this field illustrates its major potential to improve clinical diagnostics [89].
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4.2. Smart nanoparticles for targeted therapy

Researchers have emphasized the promise of employing engineered precision nanoparticles for
medication delivery. Mitchell et al. (2021) outlined methods for creating nanoparticles that can deliver
chemotherapy drugs in a controlled manner, enhancing treatment effectiveness while minimizing
overall toxicity. This approach to controlled release is particularly important in precision oncology,
where the goal is to personalize treatments to the specific profiles of individual patients [1]. In addition,
Aung et al. (2017) emphasized the importance of genomic profiling in advanced pancreatic ductal
adenocarcinoma (PDAC). These authors suggested that nanoparticles could be designed to release
drugs in response to specific genomic markers. Using Al to analyze genomic and transcriptomic data
has the potential to optimize these nanoparticles for targeted delivery, which could considerably
improve treatment outcomes [90]. In the area of immunotherapy, Shao et al. (2015) emphasized the
potential of smart nanoparticles to improve antitumor immunity through the targeted delivery of
antigens or adjuvants to immune cells. Using machine learning algorithms to analyze immune
responses can aid in the development of nanoparticles that adapt to the changing features of tumors,
thus increasing the effectiveness and personalization of immunotherapy [91]. Similarly, Senapati et al.
(2018) focused on controlled drug delivery systems. This emphasized the concept that smart
nanoparticles can be personalized for particular therapeutic applications on the basis of the individual
requirements of each patient [92].

In addition, researchers have explored the combination of Al and imaging technologies to anticipate
clinical outcomes, particularly concerning non-small cell lung cancer (NSCLC). Xu et al. (2019)
demonstrated how deep learning networks can assist in the development of nanoparticles that react to
imaging biomarkers. This combination allows for real-time adjustments to treatment plans, enhancing
the flexibility and precision of therapy [93]. Moreover, research conducted by Sun et al. (2019) on smart
hydrogels emphasized how artificial intelligence can adjust to variations in the tumor microenvironment.
This emphasizes the adaptable nature of Al-driven designs in drug delivery systems [94].

The challenge of targeting cancer stem-like cells has been specifically addressed by developing
doxorubicin-encapsulated polymeric nanoparticles, as noted by Rao et al. (2015). These nanoparticles
are created to target CD44 receptors, demonstrating how Al can enhance targeting methods aimed at
preventing tumor recurrence [91]. Similarly, Sykes et al. (2016) investigated how nanoparticles move
within solid tumors and emphasized the importance of personalized designs that consider the unique
features of the tumor microenvironment. Al can support this initiative by modeling the interactions
between nanoparticles and tumor tissues, eventually enhancing the effectiveness of treatments [95].
Magnetic nanoparticles (MNPs) have been studied for their various functions in cancer treatment [95].
Bhinder and colleagues (2021) suggested that artificial intelligence can improve the physicochemical
characteristics of magnetic nanoparticles (MNPs). This enhancement has led to more efficient targeted
drug delivery and imaging, contributing to advancements in precision oncology [96]. A study on
manganese dioxide nanoparticles (Zhang et al., 2019) has shown that designs driven by artificial
intelligence can increase the oxygen supply to tumors, which is important for the effectiveness of
therapies. [97].

Al applications in the early stages of nanoparticle development may benefit from more extensive
datasets that encompass diverse tumor characteristics and patient demographics. Future studies could
concentrate on hybrid nanoparticles that combine different therapeutic methods, using Al for enhanced
personalization. In addition, establishing standardized protocols for Al-assisted nanoparticle design
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could facilitate cooperation among research institutions, leading to faster advancements in precision
oncology. Finally, examining the long-term effects of these innovative nanoparticles on tumor
development and patient outcomes will be important for demonstrating their effectiveness and safety
in clinical settings.

4.3. Al in nanoparticle design and drug delivery

The integration of Al into the design of nanoparticles and their drug delivery signifies a major
change in biomedical applications. Recent research has emphasized the critical role of machine
learning models in enhancing the efficiency and effectiveness of these systems. By using
computational chemistry alongside Al techniques, researchers can optimize the design of nanoparticles
to ensure that they are both effective for drug delivery and safe for clinical use. This partnership
between computer science and the physical sciences is important for fully realizing the potential of Al
in drug delivery applications [98].

4.3.1. Nanoparticle technologies and biomarker detection

Nanotechnology plays an essential role in cancer treatment, particularly through the use of gold
nanoparticles. These nanoparticles are useful for managing hyperthermia, which helps enhance the
effectiveness of localized cancer therapies. Additionally, they can detect specific biomarkers linked to
various cancer types. The possible integration of artificial intelligence with gold nanoparticle
technology may enhance the targeting of treatments by focusing on the molecular signature of a tumor.
This approach uses imaging data to identify biomarkers that show how effective a treatment is
(Kennedy et al., 2011). This dual capability emphasizes the importance of designing nanoparticles to
improve both treatment outcomes and biomarker detection [99]. The investigation of nanoparticles in
drug delivery systems reveals the potential of nanocomposite hydrogels. These systems combine
nanoparticles and hydrogels to create multifunctional platforms capable of delivering therapeutic
agents while detecting cancer biomarkers. By engineering nanoparticles to interact with particular
biomarkers, hydrogels can release medications upon the identification of these biomarkers, thereby
improving the precision and effectiveness of treatment [100]. This combination signifies a major
advancement in personalized medicine. In this approach, treatment strategies are customized not only
to the presence of cancer but also to the molecular characteristics of the tumor.

4.3.2. Predictive modeling of nanoparticles in biological systems

The use of predictive modeling in relation to nanoparticles (NPs) has gained major attention because
of its potential to enhance drug delivery systems by increasing cellular uptake and affecting drug release
profiles. Researchers have emphasized the detailed interactions between engineered nanoparticles and
biological systems, emphasizing the essential role of various physicochemical properties and their impact
on therapeutic effectiveness. A major finding in this area is the influence of surface properties,
particularly charge, on how cells absorb nanoparticles. Frohlich (2012) noted that surface charge has a
substantial effect on nanoparticle absorption by cells, suggesting that predictive models that include
surface modifications can be developed to improve cellular uptake and reduce cytotoxicity. This insight
provides a foundation for using Al to analyze datasets that contain different nanoparticle designs and
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their biological responses, thereby enhancing the efficiency of drug delivery systems [101]. Expanding
on these concepts, Sun et al. (2014) investigated advancements in engineered nanoparticles that are
specifically created for cancer therapy. These nanoparticles increase drug solubility and optimize drug
targeting and distribution within the body. Through predictive modeling, researchers can evaluate
extensive datasets to modify nanoparticle characteristics, ensuring that they effectively target cancer cells
while overcoming issues such as drug resistance. This ability for prediction is important for accelerating
the development of sophisticated nanoparticle platforms [45].

5. Challenges and limitations of AI-Driven nanoparticle design

The design of nanoparticles powered by Al is changing the environment of precision oncology.
However, it faces several important challenges and limitations that must be resolved to realize its full
potential. A primary challenge lies in the complexity of developing nanoparticles for medical
applications. Traditional methods often rely on trial-and-error approaches, which can be both time-
consuming and inefficient. Despite advances in Al, optimizing nanoparticle formulations requires
numerous input factors, making it difficult to achieve optimal results without the use of high-
throughput platforms [102]. This aspect not only obstructs the development process but also
complicates the design of nanoparticles that are personalized to meet specific therapeutic needs.

An important limitation involves the acquisition and quality of the data. Al algorithms rely on
extensive datasets for training, which are critical for producing accurate predictions concerning the
properties and behaviors of nanoparticles. Nonetheless, acquiring high-quality data that accurately
represent the different interactions of nanoparticles with biological systems presents a considerable
challenge [67]. The lack of complete datasets can limit the effectiveness of Al models. This limitation
presents challenges when trying to apply findings to various conditions or types of nanoparticles. Data
shortfalls can hinder the creation of strong predictive models, which are essential for progressing
personalized medicine[47].

Regulatory challenges pose major barriers to the integration of Al in nanoparticle design. Before
new technologies can be used in clinical environments, they must undergo comprehensive assessments
to ensure their safety and effectiveness. Nevertheless, regulatory frameworks customized for Al-
enhanced nanoparticle applications are insufficiently developed. This lack of clear guidelines can delay
the approval process and generate uncertainty for researchers and developers [103]. In addition,
scalability is also an important issue; although Al can optimize nanoparticle design, maintaining
consistent quality during large-scale production is essential yet often challenging to achieve. Finally,
there is a considerable shortage of targeted research on how Al can enhance nanoparticle-mediated
drug delivery systems specifically for cancer treatment [66]. Most researchers tend to focus on broader
uses of Al in drug discovery instead of its precise function in perfecting nanoparticle formulations.
Addressing these various challenges is essential for overcoming the revolutionary possibilities of Al-
driven nanoparticle design in clinical applications.

6. Future directions in AI-Driven nanoparticle design for precision oncology
The future of Al-driven nanoparticle design for precision oncology is poised for significant

advancements, driven by innovative technologies and methodologies that increase therapeutic efficacy
and patient outcomes. A promising area of development is the creation of high-throughput formulation
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platforms that combine Al with microfluidic synthesis technology [104]. This strategy facilitates the
fast optimization of nanoparticle formulations, allowing researchers to swiftly identify effective
therapeutic options for clinical use, such as mRNA vaccines, gene therapies, and specialized drug
delivery systems [105].

A major area that needs more research is the use of Al for real-time monitoring and adaptive
synthesis of nanoparticles. Al-powered sensors can quickly adjust during the nanoparticle production
process, ensuring consistent quality and performance. This capability not only enhances the efficiency
of the manufacturing process but also increases the reproducibility of nanoparticle characteristics that
are critical for clinical effectiveness [106]. Additionally, Al can predict how nanoparticles behave
within biological systems. This capability allows for more precise targeting of cancer cells while
minimizing unwanted side effects. Such predictive modeling can considerably reduce the time and
resources required for experimental validation, thereby accelerating the shift from laboratory research
to clinical applications [107].

7. Conclusion

The integration of Al into nanoparticle design represents an important advancement in precision
oncology, transforming our approach to cancer treatment. In this review, the two major objectives of
focusing on recent advancements in Al and applying new algorithms for biomarker-specific NP design
and performance optimization in targeted drug delivery of precision oncology were met. Consequently,
we validate the potential of our diagnostic tool to increase the specificity and efficacy of nanoparticle-
based therapies via enhancements provided by Al. This is a significant improvement over historic
procedures which generally are not very accurate for cancer chemotherapy. Therefore, the novelty of
our work is brought by the fact that we for the first time will systematically discuss the integration of
Al and nanoparticle technology for cancer treatment with respect to issues like tumor heterogeneity
and drug resistance. Although researchers have suggested that nanoparticles have possibilities in
oncology treatment, we affirm how Al can refine the nanoparticles characteristics and manufacturing
procedures for promoting improved treatment gains. Second, it has helped us delineate how Al may
support environmentally sustainable approaches to nanoparticle design, a topic that has been discussed
in the literature sparingly. From these investigations, the following directions for future research can
be identified. First, researchers should focus on developing a better understanding of the ability of Al
to work together with new bioengineering technologies like CRISPR or gene therapy, to improve the
performance and stability of nanoparticles. Moreover, further study should be conducted more on mass
production and synthesis of Al designed nanoparticles that is safe for human consumption and meets
all the relevant FDA requirements while remaining effective in conditions. Finally, we suggest
exploring whether liquid biopsies together with Al-based analysis can provide additional information
to fine-tune personal patient management even more.
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