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Abstract 

The fusion of Artificial Intelligence (AI) with modern drug delivery systems marks a pivotal shift in the way therapeutics are 

designed, administered, and monitored. Traditional drug delivery platforms have long struggled with issues like off-target 

effects, variable bioavailability, and poor patient adherence. Smart drug delivery systems aim to overcome these limitations 

by responding to internal or external physiological stimuli-offering precise, targeted, and often self-regulated release of 

medications. When integrated with AI, these systems gain further intelligence: enabling real-time decision-making, 

predicting release kinetics, optimizing formulations, and personalizing dosing strategies. This review explores the evolving 

landscape of AI-assisted smart drug delivery systems, highlighting how machine learning, deep learning, and predictive 

analytics are redefining the design and deployment of nanocarriers, wearable devices, and hybrid platforms. Special focus is 

given to AI’s role in material selection, pharmacogenomics, patient stratification, and theranostics. We also address critical 

challenges related to data privacy, regulatory ambiguity, algorithmic transparency, and ethical accountability. Moreover, 

emerging opportunities such as digital twins, closed-loop systems, and open-source AI platforms are discussed for their 

transformative potential. Together, AI and smart delivery platforms offer a promising vision of personalized, adaptive, and 

data-driven healthcare. As innovation continues to bridge computation with clinical application, the next generation of 

therapeutics may be as intelligent as they are effective-heralding a future where precision medicine is not just ideal, but 

inevitable. 
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Introduction 

Drug delivery has long stood as a central challenge in 

modern medicine. While scientific advancements have 

introduced powerful new molecules and biologics, their 

therapeutic success still heavily depends on how 

effectively they are delivered to the intended site of action. 

Conventional drug delivery systems often fall short-

suffering from poor bioavailability, systemic side effects, 

off-target accumulation, and lack of adaptability to 

dynamic biological environments. Especially in complex 

diseases like cancer, neurodegenerative disorders, and 

autoimmune conditions, there remains a persistent need 

for smarter, more precise delivery platforms [1,2]. 

Amid these challenges, Artificial Intelligence (AI) is 

emerging as a revolutionary tool in healthcare, with 

growing applications across diagnostics, imaging, drug 

discovery, and now, drug delivery. AI technologies—

particularly machine learning (ML), deep learning (DL), 

and natural language processing (NLP)—offer 

unprecedented capabilities in analyzing vast datasets, 

recognizing patterns, and predicting outcomes. In the 

realm of drug delivery, AI enables us to design more 

efficient delivery vehicles, simulate release kinetics, and 

even personalize treatment regimens based on patient-

specific parameters [3]. The concept of “smart systems” in 

drug delivery refers to platforms that can sense, respond, 

and adapt to physiological cues-such as pH, temperature, 

enzymes, or glucose levels-in real time. These systems go 

beyond passive delivery, providing controlled, targeted, 

and often programmable release of therapeutic agents. 

When paired with AI, smart delivery systems can become 

truly intelligent, capable of optimizing therapeutic 

outcomes while minimizing side effects [3,4]. 

This review aims to explore the intersection of AI and drug 

delivery, focusing on how smart systems are being 
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transformed by data-driven design, real-time feedback 

mechanisms, and predictive algorithms. By highlighting 

recent advances, real-world applications, and future 

prospects, this article seeks to provide a roadmap for the 

next generation of therapeutic strategies where precision 

meets adaptability through artificial intelligence. 

The Role of AI in Modern Drug Discovery and 

Development 

Drug discovery has historically been a long, expensive, and 

often uncertain journey-typically requiring over a decade 

and billions of dollars to bring a single successful drug to 

market. From identifying a promising biological target to 

screening thousands of compounds and optimizing lead 

candidates, each step is fraught with complexity. Artificial 

Intelligence (AI) has emerged as a powerful catalyst in this 

process, offering tools that can significantly accelerate, de-

risk, and refine the way we discover and develop new 

therapeutics. 

One of the earliest and most impactful contributions of AI 

is in target identification and validation. By mining vast 

biological and genomic datasets, AI algorithms can 

pinpoint disease-relevant genes, proteins, and pathways 

that might otherwise go unnoticed. These systems can 

analyze complex networks of gene expression, protein-

protein interactions, and clinical data to prioritize the 

most promising therapeutic targets-something that would 

be impossible at this scale using traditional methods alone 

[5]. 

Once potential targets are identified, machine learning 

(ML) and deep learning (DL) models take center stage in 

compound screening. Instead of physically testing 

thousands or millions of molecules in wet labs, AI can 

predict the activity of compounds against a target using 

virtual screening. These models learn from historical 

bioactivity data to recognize which chemical structures 

are likely to bind effectively, saving valuable time and 

resources. DL architectures, particularly convolutional and 

graph neural networks, have proven especially effective in 

learning molecular fingerprints and predicting drug-

likeness [6]. 

Another transformative application of AI is in forecasting 

ADMET (Absorption, Distribution, Metabolism, Excretion, 

and Toxicity) properties of drug candidates. Predictive 

models can evaluate how a drug will behave in the human 

body-long before it reaches clinical trials. This enables 

early filtering of compounds that may have poor 

bioavailability, accumulate in off-target tissues, or cause 

organ toxicity. Such foresight reduces late-stage failures, 

improves safety, and enhances patient outcomes [7]. 

Perhaps one of the most game-changing advantages of AI 

is its ability to compress the drug development timeline. 

Traditional pipelines often rely on trial-and-error 

approaches, which are slow and costly. In contrast, AI-

powered workflows can integrate predictive modeling, 

automated synthesis planning, and real-time data analysis, 

allowing researchers to iterate and optimize rapidly. With 

the integration of AI, companies have already begun to 

report faster identification of viable leads and more 

efficient progression from bench to bedside [8]. 

Smart Drug Delivery Systems: Concepts and 

Classifications 

Traditional drug delivery methods often follow a one-size-

fits-all approach—passively releasing medication into the 

body, regardless of timing, location, or need. While 

effective in some instances, this can result in fluctuating 

drug levels, unwanted side effects, and even drug 

resistance over time. To overcome these limitations, 

researchers have pioneered a new era of smart drug 

delivery systems-platforms that do more than deliver 

drugs; they think, sense, and respond [9]. 

At the heart of these systems lies a revolutionary idea: 

drug carriers that respond intelligently to physiological 

cues, releasing their cargo only when and where it’s truly 

needed. These smart platforms don't just passively carry a 

drug; they actively participate in therapy. Whether 

triggered by a drop in pH, a rise in temperature, or a burst 

of specific enzymes, smart delivery systems offer 

precision, control, and adaptability—traits that align 

closely with the vision of personalized medicine. With the 

advent of artificial intelligence (AI), these systems are 

evolving even further, gaining the ability to learn from 

real-time data and tailor therapy dynamically to the 

patient’s condition [10]. 

Smart drug delivery technologies can be classified based 

on the nature of stimuli they respond to and the form in 

which they are applied [11-15]: 

1. Stimuli-Responsive Systems 

These systems are designed to sense and react to subtle 

biological changes within the body, triggering drug release 

with remarkable specificity: 

 pH-responsive systems take advantage of the acidic 

environment found in tumor tissues or inflamed 

areas, ensuring localized drug release where it’s most 

needed. 

 Temperature-sensitive systems respond to 

elevated temperatures in diseased tissues, such as 

infections or tumors, to deliver medication more 

precisely. 

 Enzyme-responsive systems are activated by 

disease-specific enzymes, making them particularly 

promising for conditions like cancer or inflammatory 

disorders. 

 Redox-responsive systems respond to oxidative 

stress-a hallmark of many pathological conditions—

by releasing drugs when high levels of reactive 

oxygen species are detected. 

2. Nanoparticle-Based Systems 

Nanotechnology has unlocked a vast toolbox for smart 

drug delivery, offering platforms that are small, adaptable, 

and functional: 
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 Liposomes are biocompatible spherical vesicles 

capable of carrying both water- and fat-soluble drugs. 

 Polymeric nanoparticles allow for fine-tuned, 

sustained, and targeted release, often using 

biodegradable materials. 

 Dendrimers, with their tree-like branching 

structures, offer high drug-loading capacity and 

precise surface modifications. 

 Solid lipid nanoparticles and nanostructured lipid 

carriers (NLCs) are especially useful for delivering 

poorly water-soluble drugs, enhancing stability and 

controlled release. 

3. Implantable and Wearable Devices 

These devices bring together engineering and medicine to 

create real-time, adaptive drug delivery systems: 

 Implantable microchips can store and release 

medication on command, useful in conditions like 

cancer where dosing precision is crucial. 

 Wearable insulin patches, integrated with glucose 

sensors, automatically adjust insulin release based on 

real-time blood sugar readings. 

 AI-powered infusion pumps monitor physiological 

data and autonomously adjust dosage, reducing the 

risk of over- or under-dosing. 

4. Hybrid Systems 

Some of the most promising advancements involve 

combining multiple smart features into hybrid systems. 

Imagine nanoparticles that are magnetically guided to a 

tumor site and only release their drug payload when 

encountering tumor-specific enzymes. These systems 

integrate physical and biochemical triggers to deliver 

multi-layered control and enhance therapeutic accuracy. 

 
Figure 01: Classifications of Smart Drug Delivery Systems 

Integration of AI in Smart Drug Delivery Design 

In today’s era of precision medicine, artificial intelligence 

(AI) is more than just a buzzword-it’s a powerful ally in 

reimagining how we design and deliver drugs. Gone are 

the days of trial-and-error; with AI, we can now predict, 

personalize, and perfect drug delivery platforms with 

remarkable accuracy. AI tools are helping researchers 

select the right materials and optimize formulations by 

analyzing large datasets that would be impossible to 

process manually. Through deep learning, scientists can 

forecast how a drug will behave over time—its release 

kinetics, stability, and how it might interact with the body. 

More impressively, AI plays a hands-on role in designing 

nanocarriers like liposomes, dendrimers, and micelles, 

adjusting their properties for targeted delivery. Even more 

futuristic are generative AI models that can dream up 

entirely new smart carriers tailored to respond to specific 

physiological conditions. This blend of computational 

intelligence with pharmaceutical science is truly 

transforming the future of therapy-making drug delivery 

not just smarter, but more human-centric [16-19]. 

Table 01: AI Supports Smart Drug Delivery Systems 

AI 

Application 

Area 

Description Example Use 

Material 

Selection & 

Formulation 

AI analyzes vast 

datasets to identify 

the best 

combinations of 

excipients and 

delivery vehicles 

Choosing optimal 

polymers for 

nanoparticles 

Release 

Kinetics & 

Stability 

Deep learning 

predicts drug 

release rates and 

shelf-life under 

different conditions 

Forecasting drug 

stability in 

storage or in the 

body 

Nanocarrier 

Design 

AI helps fine-tune 

the properties of 

nanosystems like 

liposomes or 

dendrimers 

Customizing 

liposome size and 

charge for cancer 

targeting 

Generative 

Models 

AI designs novel 

responsive carriers 

based on target 

parameters 

Creating smart 

micelles that 

respond to pH or 

temperature 

changes 

 

AI-Enabled Precision Targeting and 

Personalization 

Artificial intelligence is redefining what it means to deliver 

the right drug to the right patient at the right time. In the 

realm of precision targeting, AI helps stratify patients 

based on their unique biological signatures—analyzing 

biomarkers, genetic profiles, and disease patterns to 

ensure treatments are tailored, not generalized. This 

allows for more effective, targeted therapy with fewer side 

effects. Coupled with AI-integrated diagnostics, such as 
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imaging or biosensing technologies, we now have systems 

that can both diagnose and treat—ushering in the era of 

theranostics. AI also powers wearable technologies and 

biosensors, providing real-time feedback on patient 

responses, vital signs, and drug levels, enabling dose 

adjustments on the fly. Furthermore, through 

pharmacogenomics, AI can predict how an individual’s 

genes may influence drug metabolism and efficacy, helping 

clinicians craft truly personalized dosing regimens. 

Altogether, these innovations make treatment not only 

smarter-but safer, more responsive, and uniquely tailored 

to each individual [20-24]. 

Table 02: AI in Precision Targeting and Personalized 

Smart Drug Delivery 

AI Application Area Functionality Example 

Patient 

Stratification 

Identifies 

subgroups based 

on biomarkers or 

genetic data 

Selecting 

patients for 

HER2-

targeted 

breast 

cancer 

therapy 

AI-Driven 

Theranostics 

Combines 

diagnosis and 

therapy in a 

single platform 

AI-assisted 

imaging 

guiding 

nanoparticle 

drug 

delivery 

Wearables & 

Biosensors 

Monitors vitals 

and adjusts drug 

delivery in real 

time 

Smart 

insulin 

patches that 

respond to 

glucose 

fluctuations 

Pharmacogenomics 

& AI Dosing 

Personalizes 

dosing based on 

genetic 

metabolism 

profiles 

AI-based 

warfarin 

dose 

prediction 

based on 

CYP2C9/ 

VKORC1 

genes 

 
Figure 02: AI-Enabled Precision Targeting and 

Personalization 

Ethical, Regulatory, and Data Challenges 

While AI has shown extraordinary potential in redefining 

drug delivery and therapeutics, it also brings a complex set 

of ethical, regulatory, and data governance challenges that 

must be addressed to ensure safe and equitable 

integration into healthcare systems. 

One of the foremost concerns is data privacy and security. 

AI-driven therapeutic platforms depend heavily on access 

to large volumes of patient data-genomic sequences, 

health records, sensor feedback, and even behavioral data. 

Ensuring the confidentiality and integrity of this 

information is crucial. The risk of data breaches or misuse-

especially when handled by third-party platforms-poses a 

significant threat to patient trust. Compliance with 

regulations like HIPAA (Health Insurance Portability and 

Accountability Act), GDPR (General Data Protection 

Regulation), and local data protection laws is essential, but 

enforcement and clarity around AI-specific contexts 

remain evolving[25,26]. 

The regulatory landscape for AI-based therapeutics and 

drug delivery devices is still emerging. Traditional 

frameworks, such as those used by the FDA, EMA, and 

CDSCO, were designed for physical products and drugs—

not self-learning systems that adapt over time. 

Determining what constitutes “safety” and “efficacy” in a 

continuously evolving algorithm is a challenge regulators 

are only beginning to tackle. There is growing interest in 

“regulation by design,” where explainability, 

accountability, and traceability are built into AI systems 

from the start. 

Interpretability and reproducibility are also major 

scientific and ethical concerns. Many AI models—

especially deep learning algorithms—are often labeled 

“black boxes” because their internal decision-making 

processes are difficult to understand or explain, even by 

their developers. In medicine, where decisions impact 

human lives, transparency is non-negotiable. Clinicians 

and patients need to know why a system recommends a 

specific dose or delivery method. Additionally, AI models 

must be reproducible across different populations and 

datasets to avoid bias, especially in global healthcare 

settings [27-29]. 

Ethically, the rise of AI in decision-making challenges 

traditional medical principles. What happens when a 

machine makes an incorrect dosing recommendation? 

Who is held accountable—the algorithm, the developer, or 

the physician? Moreover, if AI systems are trained on 

biased or incomplete datasets, they risk reinforcing health 

disparities rather than correcting them. These issues 

highlight the need for human oversight, ethical auditing, 

and inclusive datasets to ensure fair and safe development 

[30,31]. 

Future Trends and Opportunities 

The future of smart drug delivery is rapidly evolving into a 

seamless blend of AI, robotics, synthetic biology, and 

digital twin technology—creating systems that are not 

only intelligent but also deeply personalized. Imagine a 
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world where a virtual twin of a patient helps simulate 

treatment outcomes before a single dose is given, or where 

bioengineered carriers respond to inflammation or 

glucose levels in real time. With AI guiding closed-loop 

systems, chronic diseases like diabetes and epilepsy can be 

managed through continuous feedback-where sensors, 

analytics, and drug reservoirs talk to each other to deliver 

just the right amount of medication. These innovations 

shift us away from rigid regimens toward adaptive, self-

regulating therapies. Even more exciting is the rise of 

open-source AI platforms, where global collaboration is 

breaking barriers of cost and access. In this emerging 

landscape, smart drug delivery is no longer just about 

automation-it’s about building collaborative, learning 

systems that empower patients and transform care 

delivery on a global scale. 

Conclusion  

Artificial Intelligence is no longer a futuristic concept in 

healthcare-it is a present-day enabler of smarter, more 

responsive, and personalized drug delivery. By embedding 

intelligence into therapeutic platforms, AI allows us to 

transcend the limitations of conventional drug systems, 

offering controlled, stimulus-sensitive, and patient-

tailored interventions. From predictive modelling and 

nanocarrier design to AI-guided dosing and real-time 

feedback integration, this synergy brings forth a new 

paradigm in treatment accuracy and safety. Despite 

challenges such as regulatory oversight, data security, and 

algorithmic bias, the path forward is filled with promise. 

Future advancements like digital twins, biosensor-

embedded wearables, and collaborative AI ecosystems will 

further accelerate this evolution. Ultimately, the 

integration of AI into smart drug delivery represents not 

just technological innovation, but a profound shift toward 

human-centered, data-driven therapeutic care—where 

every treatment is as unique and intelligent as the patient 

receiving it. 
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