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in real-time 1617. The synthesis of Al with advanced
fabrication techniques, such as 3D printing, further
enables the precise control of drug release kinetics and
facilitates the production of highly customized
nanocomposite delivery systems.

Core Al Concepts

Foundational to this technological integration is the
utilization of machine learning, which employs
sophisticated algorithms to interpret complex
pharmaceutical datasets and identify latent variables
affecting formulation stability and bioavailability 1819,
Concurrently, deep learning architectures leverage
multi-layered neural networks to extract insights from
vast, unstructured inputs, such as multi-omic profiles
and imaging data, which are essential for refining
patient-specific therapeutic outcomes 20. Additionally,
the deployment of reinforcementlearning facilitates the
autonomous optimization of synthesis pathways and
experimental conditions, effectively minimizing the
need for manual intervention during industrial
manufacturing 2!. Furthermore, the adoption of graph
neural networks has become increasingly pivotal for
modeling the intricate chemical properties of
nanocarrier surfaces, thereby improving the predictive
accuracy of drug release profiles 22. Moreover, the fusion
of generative Al with these architectures is
revolutionizing the intelligent design of materials and
intelligent polymers, allowing for the autonomous
adjustment of print parameters to maximize production
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scalability and ensure consistent quality in 3D-printed
dosage forms 23. Additionally, Bayesian optimization
techniques are now being employed to navigate high-
dimensional experimental spaces, significantly reducing
the iterative laboratory cycles required to achieve
desired critical quality attributes 24 Beyond these
computational design strategies, emerging innovations
like federated learning are addressing data
heterogeneity and security concerns, enabling
collaborative model training across clinical institutions
without compromising patient privacy 25. Furthermore,
these decentralized frameworks facilitate the
incorporation of multi-omics and longitudinal clinical
datasets to enhance the predictive modeling of
nanoparticle behavior and patient stratification 2e.
Complementary to these computational advancements,
the application of artificial neural networks serves to
elucidate the non-linear relationship between
formulation components and process parameters, which
is critical for establishing robust, controlled-release
drug delivery systems 27. Beyond static modeling, Al-
driven platforms act as intelligent navigators capable of
autonomously managing remote therapeutic transport
and adjusting drug administration in response to real-
time patient status 28. By leveraging reinforcement
learning, these adaptive systems can identify
deformable nanomaterials capable of navigating dense
biological barriers, such as tumor matrices, to ensure
uniform drug distribution 29.
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Historical Development Phases

The evolution of Al in pharmaceutical research began
with rudimentary rule-based systems in the late 20th
century, which initially focused on simple chemical
structure property predictions 30. These early
computational models gradually matured into more
sophisticated machine learning frameworks capable of
analyzing larger datasets to optimize formulation
pipelines and dissolution properties 31. This progression
catalyzed a shift from descriptive analytics toward
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predictive models that now enable the rational design of
complex therapeutics and streamlined clinical trial
simulations 32. The subsequent integration of automated
workflows has further accelerated this trajectory,
enabling the rapid analysis of large-scale multivariate
datasets to address the multifaceted challenges inherent
in nanomedicine design 33. Current efforts are now
shifting toward the consolidation of these digital
pipelines with high-throughput laboratory automation,
which bridges the gap between theoretical structure-
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function relationship extraction and the physical
production of clinically viable nanocarriers 34
Furthermore, the emergence of nanorobotics, supported
by sophisticated computational frameworks, is
revolutionizing internal drug delivery by enabling
programmed navigation and targeted engagement with
specific pathological markers. These autonomous
systems utilize integrated sensors and power sources to
detect and eliminate target sites while minimizing
systemic exposure through pH-responsive navigation 35.
In parallel, the convergence of intelligent nanosystems
and machine learning allows for the high-throughput
screening of physicochemical parameters, facilitating
the rapid assessment of molecular interactions between
drugs and carriers 3¢, By integrating these
computational models, researchers can now anticipate
the biological fate of nanocarriers, effectively mitigating
off-target accumulation while enhancing therapeutic
indices through precision engineering 3738, This
paradigm shift towards "computational pharmaceutics”
addresses the inefficiencies of conventional trial-and-
error methodologies, thereby significantly reducing the
time-consuming and error-prone nature of traditional
formulation research 3°. Crucially, the establishment of
comprehensive, high-quality datasets remains a
fundamental  prerequisite for the successful
implementation of these automated workflows.

Drug Discovery Applications

Al-driven platforms are currently accelerating the
identification of therapeutic candidates by analyzing
vast chemical libraries to predict structure-activity
relationships with unprecedented speed 4°. Moreover,
these  computational models streamline lead
optimization and ADMET profiling, directly addressing
historical bottlenecks related to high development costs
and low clinical success rates #1. By integrating machine
learning with high-throughput screening, these
methodologies enable the rapid generation and
refinement of molecular candidates, which substantially
mitigates the risks associated with early-stage attrition
4243 Furthermore, the implementation of deep learning
architectures facilitates the precise prediction of
cytotoxic profiles and metabolic outcomes, effectively
narrowing the search space for potent and safe drug
candidates 4445, Additionally, Al-driven drug
repurposing  leverages existing  safety and
pharmacokinetic profiles to identify new therapeutic
uses for approved agents, providing a more cost-
effective and expedited alternative to traditional de
novo discovery 4647, This integration of predictive
analytics into the drug development lifecycle
significantly curtails both the temporal and financial
burdens historically associated with bringing novel
therapeutics to clinical application 4849. Beyond these
primary discovery workflows, recent breakthroughs,
such as the development of AlphaFold, have
revolutionized structural biology by accurately
predicting protein architectures to guide the design of
functional biological therapeutics 5°. Additionally, these
predictive frameworks have enabled the transition from
empirical testing to data-driven formulation
development, where machine learning models optimize
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excipient compatibility and design space parameters
according to Quality by Design principles 5152,
Specifically, Al-driven bioinformatics and systems
biology network analysis facilitate the rapid
identification and validation of disease-associated
protein targets, substantially reducing the complexity of
early-stage therapeutic development 53. These
computational methodologies further extend to de novo
drug design, utilizing generative models to synthesize
novel molecular structures with optimal

pharmacokinetic, pharmacodynamic,and ADME profiles
54

Molecular Modelling Tools

Advanced computational platforms like AtomNet
employ structure-based drug design to effectively map
ligand-protein interactions within high-dimensional
chemical spaces 55 These generative models,
particularly variational autoencoders and diffusion
frameworks, enable the exploration of vast chemical
landscapes to identify novel compounds with sub-
Angstrom structural fidelity 56. By learning intricate
patterns from large-scale biological datasets, these
algorithms facilitate the generation of synthetically
feasible molecules specifically optimized for enhanced
therapeutic potency and safety 57. In parallel, these
predictive frameworks facilitate drug repurposing by
analyzing polypharmacological interactions, allowing
researchers to uncover secondary therapeutic
applications for already-approved medications 5859,
Beyond structural modeling, deep learning architectures
are increasingly employed to decipher complex
biological pathways, enabling the prioritization of leads
that possess favorable profiles for clinical transition
6061, Recent studies demonstrate that integrating
AlphaFold-derived protein structures into these virtual
screening workflows significantly improves hit rates,
exemplified by the identification of novel CDK20
inhibitorsin aslittle as 30 days 6263. Such methodologies
extend beyond small molecules, as generative
adversarial networks are now being utilized to predict
the stability and assembly kinetics of lipid-based drug
delivery systems ¢4 Furthermore, these architectures
allow for the optimization of particle morphology and
encapsulation efficiency, which are critical for
overcoming physiological barriers during systemic
administration 65. By leveraging graph-to-graph models
that incorporate 3D spatial information, these systems
can refine the design of macrocycles and molecular
glues, expanding the potential interactome to include
complex protein surface binding sites ¢6. Moreover, the
integration of multi-parameter optimization within
these frameworks enables researchers to balance target
affinity with synthetic accessibility, addressing the
inherent limitations of traditional combinatorial
chemistry ¢7. This transformation is further bolstered by
dual diffusion models that transcend the constraints of
historical chemical databases, enabling the de novo
generation of structures that reside outside the known
chemical space.
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Target Identification Processes

Computational workflows now leverage multi-omics
data integration to map complex genetic and chemical
interaction networks, pinpointing nodes whose
modulation yields significant therapeutic benefits. This
transition from single-gene hypotheses toward
network-based, Al-assisted discovery allows for the
mining of large unlabeled corpora and knowledge
graphs to elucidate disease-associated mechanisms. By
grounding these digital hypotheses in transcriptomic
and proteomic signatures, researchers can achieve a
more holistic understanding of the biological
interactome, effectively navigating the complexities of
disease states ¢8. These integrative approaches further
enhance druggability assessments by predicting protein
structure-function relationships, thereby facilitating the
rapid identification of novel therapeutic vulnerabilities
69, Furthermore, the utilization of machine learning-
based multi-property optimization enables researchers
to prioritize candidates that exhibit not only high target
affinity but also favorable ADME/Tox profiles
throughout the lead optimization phase 7071. Moreover,
the convergence of nanoarchitectonics and artificial
intelligence allows for the engineering of stimuli-
responsive delivery systems capable of autonomously
adapting to the dynamic physiological
microenvironment of targeted tissues 72. These
algorithms also assist in the systematic analysis of real -
world evidence, such as electronic health records, to
validate clinical targets and refine biomarker
identification through complex biological network
mapping 73. Despite these advancements, the
performance of such predictive models remains
contingent upon the quality and comprehensiveness of
training data, as significant gaps in protein-drug
interaction maps can introduce localized biases 74

Lead Optimization Strategies

The integration of generative models at this stage
enables the iterative refinement of lead scaffolds by
predicting substituent effects on binding kinetics and
metabolic stability 75. Furthermore, reinforcement
learning algorithms autonomously navigate chemical
space to optimize molecular properties, ensuring that
synthesized candidates satisfy stringent bioavailability
and toxicity constraints 7¢. Additionally, network-based
approaches such as knowledge graphs are increasingly
deployed to impute novel protein-phenotype
associations, allowing for the systematic prioritization
of targets even when causative mechanisms remain
partially obscured 77. Specifically, hybrid computational
techniques leverage both structural data and historic
pharmacological databases to improve bioactivity
predictions, effectively guiding the methodical assembly
of fragment-based molecules into more potent lead
compounds 78, Concurrently, machine learning models
analyze structure-activity relationship data to suggest
precise modifications that enhance selectivity and
reduce off-target effects, thereby streamlining the path
to preclinical development. Predictive toxicology
models further augment this phase by identifying
potential safety concerns through the analysis of
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historical data, which facilitates the early mitigation of
unforeseen toxicity risks before extensive in vivo
testing. Understanding the underlying mechanisms of
toxicity through these computational insights allows for
the proactive modification of lead structures, ensuring
that safety profiles are optimized well before clinical
transition 79. This synergy between de novo design and
lead optimization facilitates the generation of molecules
conditioned on specific substructures, thereby bridging
the gap between theoretical potency and practical
synthetic feasibility 80.

Al'in Formulation Design

Recent advancements in this domain have shifted from
heuristic, trial-and-error experimentation toward
predictive models that leverage generative deep
learning to optimize the physicochemical properties of
drug delivery vehicles 81. By training neural networks on
high-throughput experimental datasets, these systems
can predict the performance of lipid-based
nanoparticles, polymeric micelles, and hydrogels,
significantly reducing the time required for lead
formulation 82, These models further streamline
manufacturing processes by integrating automated
robotic workflows with real-time feedback loops to
enhance encapsulation efficiency and optimize critical
quality attributes 8. By simulating the interactions
between diverse therapeutic cargos and delivery
matrices, these computational platforms facilitate the
precise tuning of release kinetics to match specific
physiological requirements 8+ These predictive
frameworks also  assess the stability and
biocompatibility of nanocarriers, ensuring that
formulated systems maintain structural integrity under
varying environmental conditions 8. Furthermore, deep
learning algorithms are now being utilized to predict the
long-term storage stability and degradation pathways of
these complex formulations, which accelerates the
selection of optimal excipient combinations 8687. By
integrating vast experimental datasets with
physicochemical and biological interaction parameters,
these systems can explore complex formulation spaces
that were previously inaccessible through conventional
empirical testing 8. These Al-driven strategies
simultaneously improve drug bioavailability by
navigating the challenges of poor solubility and
chemical stability, thereby enabling the development of
tailored drug administration protocols 899,

Predictive Excipient Selection

Computational platforms now employ quantitative
structure-property relationship modeling to predict
excipient-drug compatibility, effectively minimizing the
risk of chemical incompatibilities that often compromise
formulation stability °1. Furthermore, these models
utilize historical formulation data and molecular
descriptors to identify  synergistic  excipient
combinations that enhance the solubility and
bioavailability of poorly water-soluble compounds 9293,
Beyond simple compatibility, these tools facilitate the
virtual screening of novel excipients, allowing
researchers to rationally customize medication
formulations to optimize metabolic profiles and
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therapeutic effectiveness 9% By coupling high-
throughput screening with machine learning
researchers can now simultaneously optimize multiple
compositional variables, such as lipid-to-drug ratios, to
maximize the success rates of complex nanoparticle
assembly 9. Advanced transformer-based architectures,
such as COMET, further extend these capabilities by
integrating multi-component features to accurately
predict the performance of non-canonical formulations
in an end-to-end manner. These architectures
significantly expand the explored design space for lipid
nanoparticles by accounting for multimodal variables
that traditional single-molecule algorithms often
overlook 9%. Additionally, mechanistic and multiscale
simulations, such as  physiologically  based
pharmacokinetics and computational fluid dynamics,
provide granular, in silico insights into how these
complex systems behave during scale-up and
dissolution 97. These simulations effectively bridge the
gap between bench-scale research and industrial
manufacturing by predicting how fluctuations in
processing conditions, such as temperature and shear
stress, impact final product performance 9. Moreover,
the implementation of comprehensive, web-based
platforms now allows for the systematic evaluation of
key properties across diverse delivery systems, such as
self-emulsifying formulations and nanocrystals,
replacing labor-intensive, trial-and-error workflows
with intelligent, data-driven optimization 9. Current
initiatives are now addressing the critical requirement
for rigorous model validation by calibrating these
computational frameworks against empirical, real-
world experimental data 100,

Dosage Form Optimization

Machine learning models, including neural networks
and regression ensembles, are increasingly employed to
refine the physicochemical attributes of complex
systems such as self-emulsifying drug delivery systems
and solid-state dosage forms 101. These computational
approaches facilitate the prediction of drug
supersaturation levels and solubility enhancements
upon dispersion, effectively narrowing the search space
for optimal lipid-based composition ratios.
Furthermore, the integration of molecular dynamics
with machine learning algorithms allows for the precise
mapping of self-emulsification regions, providing
insights into the spatial distribution of excipients within
the carrier matrix 192, By utilizing random forest models
to evaluate non-covalent interaction potentials, these
platforms can effectively select excipient combinations
that maintain drug loading capacity and formulation
stability 103. Simultaneously, deep neural networks are
beingleveraged to optimize three-dimensional printing
parameters and microfluidic configurations, ensuring
consistent drug release profiles and structural integrity
in personalized additive manufacturing 194 These
innovations are further complemented by digital twins,
which offer real-time monitoring and predictive control
of manufacturing processes to ensure high-fidelity
production outcomes 105, Moreover, the transition
toward continuous manufacturing is bolstered by these
diagnostic models, which can identify deviations in
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critical quality attributes before they manifest as batch
failures 1. These advanced methodologies effectively
overcome existing data scarcity by utilizing federated
learning frameworks, which allow for the collaborative
training of robust models across decentralized
pharmaceutical datasets without compromising
proprietary security 106, Additionally, the deployment of
IoT-enabled sensor arrays facilitates the continuous
collection of process data, enabling the real-time
adjustment of critical quality attributes within the
manufacturing loop 197. Furthermore, the adoption of
generative adversarial networks is facilitating the *de
novo* design of specialized carriers, enabling
researchers to explore chemical spaces for novel drug
delivery vehicles with predefined pharmacokinetic
targets 108, 4 These models optimize the architecture of
nanocarriers for targeted delivery, significantly
reducing the development time for complex therapeutic
systems 109,

Nanotechnology and Delivery

The integration of artificial intelligence into
nanomedicine research represents a paradigm shift,
transitioning the field from traditional, labor-intensive
trial-and-error methodologies to an era of intelligent,
data-driven design 5110, Computational algorithms now
enable the rational engineering of smart nanocarriers,
such as Al-optimized liposomes, which can be precisely
tailored to address unique patient physiological needs
while maximizing targeted therapeutic delivery 13. By
leveraging machine learning, researchers can now
simulate the interactions between nanocarriers and
specific biological barriers, enabling the prediction of
cellular uptake and systemic circulation times with
unprecedented precision 3. These predictive models
further enhance the stability and bioavailability of
nanoparticle-based carriers by continuously optimizing
their structural parameters and surface
functionalization °15. Furthermore, Al-driven predictive
modeling is essential for forecasting the toxicity of these
nanomaterials and their specific interactions with
biological entities, thereby streamlining the safety
assessment process during early-stage development
111112 Concurrent advancements in high-throughput
screening and automated data acquisition are now
enabling the construction of large-scale, diverse
datasets that overcome the historical limitations of data
sparsity in nanomedicine research 113114, For instance,
autonomous platforms now utilize machine learning-
driven Bayesian optimization to dynamically adjust
nanoprecipitation parameters, reducing synthesis time
from days to mere minutes while ensuring high
reproducibility 115,

Nanocarrier Design Parameters

Predictive algorithms now systematically analyze
multidimensional datasets to determine optimal particle
size, drug loading efficiency, and surface charge, which
are critical for enhancing stability and circulation
duration 116. Beyond these physical characteristics,
these models effectively simulate complex interactions
with the immune system, vasculature, and lipid
membranes, allowing for the fine-tuning of drug release
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kinetics and therapeutic efficacy. Furthermore, the
utilization of graph neural networks and deep learning
architectures has proven instrumental in modeling the
complex, high-dimensional data generated from these
interactions, ultimately refining pharmacokinetic and
dose-response forecasts 22. Moreover, the application of
multiscale  machine-learned infrastructure and
physiologically based pharmacokinetic models allows
for a more accurate estimation of biodistribution and
nanotoxicity, facilitating the translation of these systems
into clinical settings 117. Beyond these foundational
design aspects, machine learning-assisted single-vessel
analysis techniques now provide critical guidance for
optimizing the targeted permeability of nanodrugs
within tumor vasculature 118, This high-throughput
capability, = exemplified by automated image
segmentation, enables researchers to decipher distinct
transport mechanisms across diverse tumor models,
thereby informing the development of next-generation
nanotheranostics 119,

Controlled Release Modeling

Advanced computational frameworks are currently
being deployed to decipher the nonlinear relationship
between formulation variables and drug release
kinetics, addressing the inherent challenges of high-
throughput experimental screening where property
interactions are difficult to isolate. By integrating
reinforcement learning with physical degradation
models, these frameworks can dynamically forecast
release profiles across varying physiological pH and
temperature gradients 120. These predictive systems
further facilitate the design of stimuli-responsive
nanocarriers by optimizing the coupling of specific
biological triggers with the therapeutic payload release
rate 121122, Specifically, reinforcement learning agents
can iteratively refine formulation characteristics in a
closed-loop manner, effectively optimizing drug delivery
systems against real-time performance metrics 29. In
addition, the application of machine learning techniques
has enabled the systematic prediction of drug release
success by evaluating various molecular and coating
descriptors 123, Furthermore, deep reinforcement
learning has emerged as a robust approach for
optimizing the complex pharmacokinetics of these
systems, allowing for the precise calibration of
biodistribution, metabolism, and clearance profiles 124,
Additionally, these computational methodologies allow
for the exploration of autonomous drug administration
systems, where Al-mediated navigation and intelligent
patching technologies adapt to patient-specific
symptoms in real time 28 Building on these
advancements, the utilization of artificial neural
networks has become pivotal in deciphering the
intricate relationships between physicochemical
properties and the resulting drug release profiles from
sophisticated nanoplatforms 3.

Clinical Translation Challenges

Despite the potential of these models to streamline
preclinical stages, the poor delivery efficiency of
nanoparticles to solid tumors remains a primary barrier
to successful clinical implementation 33. The integration
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of Al-driven platforms, such as in silico tumor
microenvironment simulations, is critical for addressing
these physiological hurdles by enabling real-time
assessment of nanoparticle behavior within complex,
patient-specific vascular architectures 125. However, the
path to clinical integration is further complicated by the
urgent need for regulatory standardization and the
establishment of robust, transparent frameworks to
ensure  manufacturing  reproducibility = across
heterogeneous therapeutic platforms 126. Addressing
these hurdles requires the adoption of advanced omics
and large-scale data integration to refine nanomedicine
design through rigorous, standardized validation
protocols 127. Moreover, bridging the gap between
computational prediction and clinical approval
necessitates the creation of interpretable models that
elucidate the complex dependencies between
nanomaterial attributes and in vivo biological
performance 128, Such transparency is essential for
overcoming data limitations and fostering trust in
automated design, as model interpretability directly
influences the ability of researchers to translate
optimized nanocarriers into validated clinical
therapeutics 129. Furthermore, the implementation of
federated learning strategies can mitigate data
heterogeneity concerns by enabling collaborative model
training across international research consortia without
compromising patient data privacy 25.

Data Quality Issues

The reliability of these computational frameworks is
frequently constrained by the limited availability of
experimental data and the inherent variability in
nanomaterial structural properties 130, To mitigate these
discrepancies, the scientific community must prioritize
the development of large-scale, well-structured public
repositories that standardize metadata regarding
morphology, surface composition, and biological
response 131, Such efforts must concurrently address
data privacy and the lack of comprehensive sharing
protocols among pharmaceutical entities to ensure that
predictive models remain representative of complex
biological environments 21. Furthermore, establishing
standardized reporting guidelines for preclinical studies
is essential to resolve the significant discrepancies often
observed between animal model outcomes and clinical
patient data 132133, To facilitate this shift, it is strongly
recommended that the field adopts a centralized,
annotated database architecture—modeled after
successful initiatives like The Cancer Genome Atlas—to
catalog nanomaterial compounds, their physicochemical
characteristics, and their specific interactions with
diverse tissue microenvironments 134135, By testing
thousands of nanomaterials in vivo and understanding
how strain- and species-dependent biological factors
influence delivery, these large-scale datasets may
significantly improve the predictive accuracy of
preclinical models for human clinical outcomes 136
Moreover, addressing the high-dimensionality of these
datasets and the scarcity of *in vivo* results is
imperative to minimize risks such as overfitting and to
demonstrate the generalizability of predictive models to
diverse clinical applications 137.
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Regulatory Compliance Standards

The implementation of Al-driven pharmaceutical
solutions necessitates rigorous adherence to emerging
regulatory frameworks that prioritize safety, efficacy,
and explainability 138. Beyond these safety protocols,
regulatory bodies must address the challenge of
validating deep learning models that often function as
"black boxes," hindering the transparent clinical
decision-making required for drug approval 139. To
mitigate these concerns, policymakers must advocate
for the implementation of explainable AI methodologies
that allow researchers to map model predictions
directly back to biological determinants 3. Furthermore,
developing comprehensive ethical and regulatory
frameworks is essential to address concerns regarding
algorithmic bias, data accountability, and informed
consent in Al-enabled healthcare systems 5% The
current absence of standardized governance poses a
significant risk, as the rapid technological trajectory of
these systems consistently outpaces the evolution of
traditional regulatory policies 140. In response to this
latency, regulatory agencies such as the FDA are actively
developing roadmaps for integrating *in silico*
methodologies, including Al, into preclinical safety
assessments to provide more human-representative
data %1, Consequently, the future of Al-enhanced
nanomedicine relies on fostering high-quality,
accessible datasets that facilitate the robust validation
of these computational tools 38142, Future advancements
may also involve the synergistic combination of Al with
quantum computing, which could further accelerate the
discovery of innovative nanocarriers capable of
achieving high-precision, personalized therapeutic
outcomes 143, Establishing such interdisciplinary
governance and oversight committees will be
paramount to addressing the current lack of science-
informed regulatory guidance regarding
biocompatibility, systemic clearance, and long-term
toxicity 144,

Future Research Directions

Future investigations should prioritize the integration of
multi-omics data with machine learning algorithms to
decipher the intricate feedback loops between
nanocarriers and systemic physiological responses 26,
Integrating Explainable Al into these predictive
frameworks will be essential to provide human-
understandable insights into the key biological
mechanisms governing therapeutic efficacy and safety
145, Additionally, researchers must establish robust data-
sharing frameworks and promote interdisciplinary
collaboration to overcome regional disparities in
standardized experimental protocols, which currently
act as a bottleneck for algorithmic development 146,
Furthermore, prioritizing the development of predictive
models that account for patient-specific variability will
be critical for transitioning from generalized
nanocarrier designs to truly personalized nanomedicine
strategies 147. This transition necessitates the realization
of intelligent closed-loop platforms that harmonize
diagnostic data with therapeutic evaluation to refine the
design of nanotheranostics 148. Moreover, the
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convergence of these platforms with bioengineered
carriers, such as exosome-mimetic systems and cell
membrane-coated nanoparticles, promises to enhance
biocompatibility and immune evasion capabilities 149,
Furthermore, investigating the influence of the albumin
corona on the nano-bio interface will be crucial for
refining the accuracy of toxicity predictions and
ensuring the sustainable translation of these systems
into clinical practice 150151, Beyond material
optimization, future research must also explore the
integration of immunotherapy with nanocarrier design
to leverage the immune system's potential in targeting
and destroying malignant cells 152.
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