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Abstract: Artificial Intelligence is continuously changing the landscape of pharmaceutical sciences by solving
major issues related to traditional drug discovery and development practices like high cost, long duration and
low success rate. This review presents an encompassing overview of Artificial Intelligence applications from
drug design and development to delivery in the pharmaceutical pipeline, following a systematic review of
recent literature (2020-2025) from major scientific databases followed by thematic analysis and quality
assessment. Artificial intelligence techniques (such as machine learning, deep learning, and big data analytics)
have significantly improved the drug discovery process because they enable quick screening of enormous
molecular datasets, precise prediction of pharmacodynamic interactions, and effective lead optimization.
Acrtificial Intelligence also helps to develop personalized medicine that integrates genomics, proteomics, and
clinical data to create custom-tailored therapies for patients. According to the review, creating novel
pharmacological indications for already-approved medications can be done quickly and affordably through
artificial intelligence-based drug repurposing. The report also suggests how Atrtificial Intelligence is being
implemented in drug delivery systems, pharmacovigilance, clinical trials, healthcare services, etc. to improve
patient outcomes and efficiency. Such Artificial Intelligence has a huge potential with great possibilities;
however, there are many challenges to its implementation. For instance, bias in data, lack of transparency,
regulatory challenges, concerns over data privacy and security, etc. Such challenges highlight the need for
strong governance frameworks as well as the need for explainable Artificial Intelligence. Overall, Artificial
Intelligence is evolving into an engine of innovation in pharmaceuticals- creating a future of more efficient,
accurate, and personalized healthcare solutions. It also illuminates important research gaps and future
directions for sustainable integration of these technologies in the healthcare system.

Index Terms- Artificial Intelligence, Drug Discovery, Drug Repurposing, Machine Learning, Deep
Learning, Pharmaceutical Pipeline.

1. INTRODUCTION

One of the biggest developments influencing contemporary pharmaceutical sciences is artificial
intelligence, or Al. As pharmaceutical drug discovery and development processes grow more complex,
traditional pharmacology approaches are usually costly, take a lot of time, and ultimately fail over 90% of the
time[1-3]. Drug research and development processes have made use of a variety of Al and machine learning
methods, as shown in (Table 1). Al offers innovative solutions using methods like machine learning, deep
learning, and big data analytics to make all aspects of drug process more efficient, and with increased
accuracy, and decreased costs[4-6]. From a data standpoint, Al can screen many millions of molecules, can
predict the interactions with targets using high throughput screening, and can even help redesign novel
compounds, which helps to increase expected success rate[2, 6-8]. Additionally, Al can support drug
repurposing, which is critical to finding novel use for currently available medicines, especially when
responding to emergent diseases[1, 9, 10]. Also, Al is essential to both drug delivery and personalized
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medicine by combining genomic, proteomic and patient files to provide patient/citizen specific medicines that
improve drug release[5, 11]. Such applications can provide new dosage forms such as nano-medicine, or more
advanced dosage forms such as 3D printed system[5, 7, 12].

Table 1: List of Al tools employed in drug discovery and development.

Tools Details Websites References
Alpha Fold Alpha Fold Forecasts Protein 3D Structures https://deepmind.com/blog/ (13-15)
alphafold
Deep Chem A Python-based Al system is used by the Deep | https://github.com/deepchem/ [16, 17]

Chem MLP model to identify a promising | deepchem
candidate for drug discovery.
Hit Dexter Predicting compounds that could react to | http://hitdexter2.zbh.uni (16-18)
biochemical tests using the Hit Dexter machine | hamburg.de
learning approach

Chemputer Chemputer aids in reporting chemical | https://zenodo.org/ [17]
synthesis processes in a uniform format record/1481731
Deep Tox Deep Tox software that forecasts the toxicity of | www.bioinf.jku.at/research/ [16, 17, 19]
12,000 medications DeepTox
ORGANIC An instrument for generating molecules with | https://github.com/aspuru [20, 21]
the characteristics that are ideal guzik-group/ORGANIC
Neural graph Aids in predicting attributes of new compounds | https://github.com/HIPS/ [20, 22, 23]
fingerprint neural-fingerprint

Al will also play a significant part in clinical trials and manufacturing by promoting operational efficiency
and minimizing human errors across various sectors of production[4, 6, 24]. In pharmacy practice, Al can
also improve medication reconciliation, workflows and ultimately patient care[25-27]. Despite all the good
Al has provided and can promise, current challenges with Al and pharmaceuticals still exist, particularly with
respect to privacy, transparency, regulations and ethics[9, 11, 28]. Although, the governance of Al and its
practical use in pharmaceuticals, has explicitly been identified as a priority governance target, to assure the
appropriate and secure application of Al[9, 29, 30].

In conclusion, there has been a rapid evolution of Al from a supporting tool to an engine of pharmaceutical
innovation. Al also has the potential to create value from the knowledge economy throughout the pipeline
from discovery to delivery while also facilitating a more personalized approach to health care. This review
will elaborate on where and how Al is being used, note some challenges associated with its use, and finalize
with some future directions which may shape and redefine drug development and the overall patient
experience with their care.

2. METHODOLOGY

The most significant phase in the review procedure is the recognition, organizing and extracting of latest
and most relevant literature on the use of Al in pharmaceuticals. This process provides a comprehensive
approach regarding updated evolution, applications, serious problems and their solutions, future directions,
and the scope of the pharmaceutical industry. Some of the major steps are as follows:

2.1 Literature Search

An exhaustive literature search was performed using Google Scholar, Scopus, PubMed databases with
keywords such as ‘Artificial Intelligence in Pharmaceutical Sciences’, ‘Al in Drug Delivery’, ‘Al in
Pharmaceutical Products’, ‘Al in Drug Discovery and Personalized Medicine’, ‘Al in Pharmacy’, ‘Al and ML
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applications in Pharmaceuticals’, ‘Al in Pharmaceutical Manufacturing’, ‘Governance of Al in
Pharmaceutical Industry’. Boolean operators such as AND, OR, and NOT were applied to elevate the search
outcomes and secure admissible studies.

2.2 Selection Process

The review targeted on studies published in the English language between 2020 and 2025. From
multidisciplinary databases a wide range of articles were fetched and studies were examined based on titles,
abstracts and full texts, and duplicates or irrelevant works were not included in order to preserve authenticity
and relevance of the review. For final inclusion, only those studies which were directly associated with
pharmaceutical research and applications were considered.

2.3 Data Extraction

Studies were conducted on various aspects of Al in pharmaceuticals such as in clinical trial, manufacturing,
process optimization, quality assurance, regulatory compliance, supply chain, pharmacy practice, patient care,
drug repurposing, tailored treatment plans and finally segregated data were evaluated on the basis of abstracts
given in their respective publications which were carefully reviewed to examine applicability to the topic. The
extracted data were systematically arranged into categories to aid thematic analysis. This process allowed
distinct comparison of how Al has been practiced throughout different phases of the development of
pharmaceuticals.

2.4 Data Analysis and Synthesis

The information obtained from the extracted data were thematically categorized into different core areas.
All the findings from various studies were integrated and more attention was given to common trends,
applications, technological evolution, and upcoming challenges. To identify similarities and differences in
approaches described by various authors deep analysis were also performed. Through this process, existing
knowledge were not only summarized but also potential gaps and future directions for research in Al- driven
pharmaceutical sciences were identified by the review.

2.5 Quality Assessment

The credibility and methodological strictness were followed by using peer-reviewed articles from reputed
journals and articles from recognized databases. Publications deprived of direct relevance and methodological
specifications towards pharmaceutical applications were excluded. The authenticity, objectivity and integrity
of the review findings were maintained by this step of quality assessment.

3. APPLICATIONS

3.1 Drug Discovery and Development:

Al tools can screen various data types such as clinical data, physiological data, and genetic profile to
recognize important pharmacological sites[2, 11, 26]. On the basis of rapid determination of RNA
(Ribonucleic acid) and DNA (Deoxyribonucleic acid) by sequencing and biological factors, Al facilitates drug
compound segregation with a consistent success rate in drug development[1, 2, 31]. By utilizing machine
learning algorithms, Al has become a potent tool for finding new drugs. ML can analyze large and complex
set of data and predict promising drug candidates with increased efficiency and accuracy[5, 24, 32]. The major
step during drug discovery is identification of appropriate drug targets to design molecular mechanisms to
achieve therapeutic effects[2, 4, 33]. After selecting potential drug candidates, lead optimization is necessary
to enhance pharmacokinetic properties, potency and selectivity[3, 7, 34]. Traditional lead optimization
processes were very time consuming as well as expensive, Al offers data-driven and more systematic strategy
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to lead optimization, enabling more accurate and efficient prediction of a novel compound's drug-like
qualities[5, 9, 35]. The global pharmaceutical companies have been implementing Al in the development of
new drugs as elucidated in table 2.

Table 2: Leveraging of Al by global pharmaceutical firms for the development and discovery of new drugs.

ESTABLISHED PHARMA IMPLEMENTATION OF Al
GROUPS
NOVARTIS Seeks to expand Al over a ten-year period to enhance access, prices, and
wellness results in collaboration with Microsoft and NVIDIA.
BAYER Collaborated with Exscientia to investigate artificial intelligence-based

minute compound drug detection in order to expedite the identification of
novel therapeutic prospects.

SANOFI Development of artificial intelligence (Al) platform- “Plai” for
pharmaceutical research, clinical trials and manufacturing.
ASTRAZENECA Associated with Oncoshot in 2021 to use BenevolentAl to find objects and
Al to link patients to clinical study.
PFIZER Generates innovative medications, such as PAXLOVID, an oral COVID-

19 therapy authorized in 2022, using IBM's supercomputing and artificial
intelligence since 2020.

BRISTOL MYERS SQUIBB Collaborated with Exscientia to find minute compound drugs for
immunology and cancer using artificial intelligence.
JANSEEN Investigating the implementation of Al in production, clinical studies,

medication research, and medical condition identification.

3.2 Al and Tailored Therapy:

Al tools are being utilized in predicting the response of various patients to specific drugs. It can be done
by analyzing vast amount of biomedical data such as genetic profile, metabolism etc. to find possible
biomarkers connected to medication safety and efficacy[1-3, 7]. Customized or tailored medications are
appropriate therapies as they tailored according to individual patient’s unique characteristics which suits their
lifestyle, medical history, genetic makeup, lowering the possibility of negative consequences and enhancing
general patient compliance[2, 9, 24]. Personalized medicines can be adjusted in real time, ensuring maximum
efficacy and reducing adverse effects and facilitating patients' adherence to recommended therapies[4, 25, 36,
37]. There are various Al platforms which assist medical professionals in creating customized treatment plans
and facilitate them to serve remotely through Al powered apps in which patients can select their preferences
and accordingly healthcare team can design their treatment plans and monitor the patient’s adherence to
medication[5, 11, 26, 29]. Figure 1 aptly summarizes the role of Al in the personalized therapy.
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Figure 1: AI’s function in gathering and evaluating patient data for personalized treatment

3.3 Drug Repurposing:

Drug repurposing, sometimes referred to as drug re-profiling or drug repositioning, is the process of
discovering novel pharmacological applications for drugs that were previously developed to treat different
medical conditions[38, 39]. This technique relies on the idea that some medications formulated for one
particular indication may possess beneficial properties in treating other ailments or symptoms[1, 7].

Drug Repurposing possess several advantages such as cost-effectiveness, more efficient, time saving as
compared to conventional drug development. Al assists in screening the already existing data related to safety
and pharmacological activity of that drug candidate extracted during the pre-clinical trial, maintaining the
safety and accuracy in identifying other beneficial effects of the medicine thereby reducing cost as well as
time in conducting pre-clinical and clinical studies[1, 3, 7]. By repurposing drugs for various ailments, their
life cycle can be extended, providing benefits to patients and healthcare system and offers enormous potential
for expanding treatment criteria[3, 24].

3.4 Al in Drug Delivery:

Conventional methods include costly and time-consuming R&D processes to optimize delivery
methods[40]. So, to overcome this problem predictive technology of Al were applied to ensure that active
ingredients were available at the targeted site with maximum efficacy[4, 5, 9]. Al is quickly taking the lead
in the domain of nanomedicine. Nowadays, various nano-carriers are given to patients containing
nanomedicine for the treatment of different disease and only until Al is integrated with the pharmaceutical
sector will this be feasible[5, 9, 41]. It primarily focuses on creating drug delivery systems that can transport
active substances straight to the intended locations, such as liposomes and nanoparticles[5, 9, 29]. So,
basically Al has the capability to predict the interaction of these systems within the body and provides
systematic approach enabling the creation of drug delivery systems that are more precise and focused[4, 9,
29, 42].

3.5 Al in Pharmacovigilance:

The employment of Al in pharmaceutical surveillance is growing in a number of fields, such as signal
management, safety operations, and target population determination[25, 26, 43]. It is a pre-requisite to
understand the recent adaptation of Al in pharmacovigilance. Al has numerous applications in
pharmacovigilance and patient safety, including the detection of ADEs, also known as adverse drug events
and ADRs also known as adverse drug reactions, to establish drug-drug interactions, to ascertain safety
reports, to simulate clinical trials, to evaluate and identify patients at high risk for ADRs, to predict side effects
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of drugs, to integrate prediction unreliability[25, 26]. Al also assists in diagnosing safety issues sooner than
conventional methods.

3.6 Healthcare and Pharmacy Applications:

Al is flourishing in healthcare department as well as assists medical practitioners in pharmacy operations[2,
4,11, 44]. The development of numerous technologies helps in providing effective and quick treatment which
results in overall good response from patients[2, 11]. Various diagnostic methods have been developed
through Al which is capable of interpreting medical images from CT and MRI scans, assisting medical
professionals make accurate evaluations remotely[2, 25]. Al powered virtual assistants and chat bots provide
24*7 supports, answer medical questions and help with bridging communication gaps in remote settings[11,
25, 45]. Virtual consultations are becoming popular with the consolidation of Al in medical system ensuring
continuity of care, especially for those in remote locations[2, 25, 46]. The vitals of patients could potentially
be monitored through the assistance of Al integrated wearable devices[11, 24, 47, 48].

4. POTENTIAL CHALLENGES WITH POSSIBLE SOLUTIONS

Despite of having immense capabilities, it also brings several challenges while using Al tools. Serious
moral concerns about safety, confidentiality, and the potential for biased outcomes are raised by the
application of Al and machine learning algorithms in the medical and pharmaceutical sectors[6, 26, 49].
Programmers are therefore equipped with the skills and information necessary to handle these moral
dilemmas[24, 26]. In order to utilize Al appropriately, pharmaceutical companies are facing several concerns
like regulatory compliance, transparency, data quality & availability, scalability, model interpretability[6, 24,
26]. We have discussed some major points highlighting these challenges, along with proposed solutions:

4.1 Data Bias

One of the major causes of disparities in healthcare outcomes is due to biased training data reinforced by
Al models[6, 26, 50]. Biased algorithms can directly influence medical care and therapeutic choices.
Algorithmic bias resulting from skewed datasets may influence patient feedback replies or lead to variations
in the treatments they get[6, 26]. To lessen data bias, diverse training datasets is essential. Constant monitoring
and inspection of Al models could furthermore assure impartiality and credibility of offerings[51]. Apart from
this, retraining of Al systems can help in recognizing and diminishing biases[24, 52].

4.2 Lack of transparency

It is very challenging to interpret the decisions of ML and Al algorithms as they are referred to as “black
boxes”, which is troublesome in controlled enterprises like pharmaceuticals where liability and faith are
predominant[1, 2, 7, 53]. So, there is a need for careful consideration for using Al safely and effectively.
Stakeholders may lose faith in this lack of openness, necessitating strict verification procedures to ensure
acceptability and authenticity[9, 24, 54]. Therefore, pharmaceutical businesses should make an investment in
creating standardized and open Al and interpretable algorithms to enhance patient trust.

4.3 Data Confidentiality & Safety Hazard

Safety and confidentiality of private information are critical issues in ML and artificial intelligence[2, 7,
11, 24]. Data misuse is among the major issues because of absence of openness in Al systems where sensitive
information might be used and sharing data with third parties initiate further risks[1, 2, 9]. Unauthorized
access of personal information due to inadequate data retention approaches might be possible[11, 26]. To
overcome this challenge, compliance with regulatory framework is needed such as the Health Insurance
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Portability and Accountability Act (HIPAA) or the General Data Protection Regulation (GDPR)[9, 11, 55].

In order to successfully reduce privacy threats, enterprises will need to implement strong data governance
frameworks and cutting-edge encryption technology[56].

4.4 Regulatory Hurdles

Nowadays, there is no standard framework is proved for the assessment of Al systems in drug
development[1, 9, 24]. So, to ensure data privacy and patient safety, Al-driven solutions must stick to
regulatory standards[7, 11]. The primary reasons behind this challenge are the frequent implementation of
emerging recommendations and the differences between domestic and foreign legislation, which make
compliance challenging[9, 24]. While regulating Al applications, regulatory authorities lack clarity, which
raises the danger of non-compliance[57]. Therefore, in order to address these particular concerns, stakeholders
and regulators must work together to create universal standards that promote evolution in addition to safety
and efficacy[9, 24].

4.5 Exploiting Al in Drug Discovery

The execution of Al in pharmaceutical discovery is filled with difficulties[58]. The accessibility of
appropriate data is one of the major challenges that must be considered[3, 7]. Generally, the data may be of
inferior quality or inadequate and the volume of data that is available may be restricted which can influence
the fidelity and trueness of the outcomes[1, 5, 24]. Multiple plans and techniques can be used to successfully
deal with the constraints of using Al in discovering drugs. One approach is the utilization of EAI (Explainable
Al) systems which target to come up with transparent and legitimate justifications for the estimations provided
by Al algorithms[59]. Using data augmentation, which necessitates the creation of synthetic data to enhance
previously established datasets, is another strategy[60]. This can improve the accuracy and validity of the
results by increasing the amount, quality, and robustness of information accessible for the purpose of training
machine learning algorithms.

4.6 Ongoing Monitoring and Adjustment

Al models need to be continuously monitored, updated, and improved depending on fresh data and real-
world performance, they are not supposed to be static[61]. Operational complexity may result from this
continuous control, requiring specialized resources, knowledgeable staff, and strong feedback loops[5, 24].
These systems are susceptible to data drift and run the danger of becoming antiquated or out of step with
modern clinical procedures if we do not routinely assess them[7, 11]. Over time, this could substantially
compromise their efficacy and dependability.

4.7 Al in Clinical Practice

Acrtificial intelligence encompasses an opportunity to transform clinical practice, but numerous limitations
need to be considered to recognize its entire prospect. The shortage of healthcare information is one of these
obstacles, which might lead to imprecise results[3, 7]. Data confidentiality, attainability, and protection are
also potential challenges to implementing Al in patient care[62, 63]. On top of that, selecting pertinent strategy
and discovering applicable medical biomarkers is important to obtaining the intended results[7, 25]. To
address these issues and offer helpful answers, a multifaceted strategy, innovative data analysis methods, and
the creation of highly rigid Al approaches and frameworks will be required[5, 24]. The creation of Al
technologies has an impact on healthcare professions training today, emphasizing the need to recognize human
lapses in fields like evidence-based medicine and critical thinking in medicine[64, 65]. Last but not least,
human engagement and skill are crucial to ensuring that Al is applied appropriately and practically to satisfy
clinical demands; a lack of experience could be detrimental[1, 9, 66].
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4.8 Complexity in Predicting Protein Structure

Due to its intricate nature, protein structure prediction faces numerous obstacles and constraints[67]. These
elements include computational complexity, efficiently negotiating the intricate configuration landscape,
accurately mapping the molecular shapes, taking into account the functional adaptability of proteins,
incorporating physics- based simulations, guaranteeing precise and trustworthy predictions, resolving issues
with insufficient and poor data, and improving generalizability for a variety of protein structures[68, 69]. Al
models generally demand a significant amount of processing power and resources, particularly deep learning
architectures[69]. These models can require a lot of resources to train and refine, and not all research teams
may be able to do so. This lack of interpretability makes it challenging to understand the procedure by which
models land at certain predictions and to identify potential sources of error[68, 70]. With the help of data
sharing and collaboration, the quality of data can be improved.

5. CONCLUSION

To sum up, this review highlights how several components of artificial intelligence are changing the current
state in the pharmaceutical sector's medical care, drug development, and drug discovery. Al has demonstrated
potential benefits for accelerating drug discovery by allowing analysis of increasingly large and complex
datasets. In the end, it might result in precision and individualized therapy as well as the quick and economical
discovery of new candidate medications and clinical trials. One example of how Al is a communal technology
that enhances the entire pharmaceutical innovation pipeline is the application of Al in enhanced drug delivery
systems, pharmacovigilance, clinical decision-making, and medication repurposing. The review also critically
recognizes the multifaceted obstacles related to the deployment of Al. In particular, many of the challenges
are ones involving data quality, algorithmic bias, interpretability, regulatory compliance and data privacy. All
these challenges prevent the effective and ethical use of Al. Tackling these concerns through strong regulatory
frameworks and interdisciplinary collaboration developing trustworthy and explainable Al systems will be
necessary to ensure trust and long-term sustainability. Ultimately, Al represents more than an auxiliary tool;
it is an evolving essential component of modern pharmaceutical research with vast potential. It has the
capability to fill in glaring gaps in efficiency and innovation while clearing the path for healthcare solutions
that are more patient-oriented, accurate, and economical.
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