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Introduction
The pharmacy profession is at a crossroads. Once 
heralded as a pillar of healthcare, pharmacists now face 
shifting roles as the healthcare landscape rapidly evolves, 
science enters a new frontier, and artificial intelligence 
emerges. While medicine and science are advancing at 
unprecedented rates, the scope of pharmacy practice has 
struggled to keep pace. Counseling patients on smoking 
cessation or just dispensing medications is no longer of 
sufficient value in traditional payor systems and is being 

usurped by the need to advance scientific practitioners. 
If the pharmacy profession does not respond, it risks 
obsolescence. Remarkably, community pharmacy 
practice is evolving beyond traditional dispensing roles, 
and institutional pharmacy does provide value when 
properly situated. 

Advances in science and technology have introduced 
new dimensions to healthcare, challenging pharmacists 
to redefine their roles. Vaccines, for example, have 
revolutionized public health by preventing infectious 
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Abstract
Introduction: The pharmacy profession stands 
at a pivotal moment, as emerging scientific 
advancements and evolving healthcare demands 
require adept pharmacy practitioners and 
scientists. The integration of precision medicine, 
cellular and acellular regeneration, nano and 
bioengineering (e.g., 3D/4D bioprinting), digital 
therapeutics, artificial intelligence (AI)-point-of-
care testing, and treating is starting to reshape 
pharmacy education, practice, and patient care. Pharmacy education needs to embrace these 
innovations to prepare graduates for the future of practice, to optimize therapeutic outcomes, and 
contribute meaningfully to translational medicine.
Methods: This review elaborates on the historical evolution toward the incoming wave of the 
pharmacy profession and considers the necessary educational models that might be associated 
with its practice.
Results: Expanded patient care roles are essential in this new era, with clinical pharmacists 
increasingly working alongside physicians under collaborative practice agreements. Additionally, 
prescriptive authority for pharmacists is gaining traction, enhancing healthcare accessibility 
and medication management. The integration of digital health technologies (e.g., telepharmacy, 
automation, wearable medical devices, and AI-driven decision support systems) further empowers 
pharmacists to deliver efficient, patient-centered care. Certain prospective concentrations (e.g., 
precision/personalized medicine, industrial pharmacy, drug discovery and development, drug 
compounding and formulation, and advanced drug delivery systems and devices) can further 
empower pharmacy education towards healthcare needs.
Conclusion: By embracing technological and scientific advancements, pharmacists can solidify 
their roles as integral healthcare providers, ensuring that the profession remains dynamic, relevant, 
and impactful in an evolving healthcare landscape. 
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diseases using various types of treatments.1-9 To date, 
pharmacists have played an impactful critical role in 
vaccine deployment and administration, including 
COVID-19, but with today’s educational system, 
their involvement in the development, education, and 
optimization of vaccination programs seems to be 
underutilized. 

The advancements in precision and personalized 
medicine demand a broader role for pharmacists 
beyond dispensing medications – one that integrates 
these innovative therapies into clinical practice and 
patient education. To remain relevant, pharmacies 
must embrace such transformation. The profession’s 
evolution from the compounding of herbs to managing 
pharmaceuticals serves as a historical precedent for its 
ability to adapt. However, the current pace of scientific 
progress necessitates a proactive approach. Pharmacists 
should proactively position themselves as leaders in 
the adoption and application of new therapies (e.g., 
regenerative medicine, multimodal nanomedicines and 
biologics, and even CRISPR-based gene editing), which 
can be done as part specialty. Such a training can pave 
the way for new opportunities. Changing demographics 
and urban design will transform healthcare delivery, 
emphasizing personalized, localized care supported by 
digital technologies. Advances in clinical research (e.g., 
preventive medicine, vaccinations, 3D printing, drone 
delivery, CRISPR, and implantable biosystems) will 
reshape the pharmaceutical landscape. Pharmacists and 
pharmacies must adapt to evolving roles, integrating 
data, artificial intelligence (AI), and technology to 
improve outcomes while automation handles repetitive 
tasks. These innovations have the potential to redefine 
treatment paradigms, and pharmacists are uniquely 
positioned to ensure their safe and effective integration 
into patient care. Preventive medicine is shifting from 
reactive treatment to proactive interventions through 
genomic screening, predictive analytics, and personalized 
risk assessment tools that identify disease susceptibility 
before symptoms emerge. Vaccination technologies 
have evolved beyond traditional platforms to include 
mRNA vaccines, viral vector systems, epitope-based 
vaccines,6 and self-amplifying mRNA vaccines,10 which 
can be rapidly developed and deployed against emerging 
pathogens using AI-assisted in-silico approaches.11 
Further, 3D printing as an additive manufacturing 
modality is revolutionizing drug formulation by enabling 
on-demand production of personalized medications with 
customized dosages, release profiles, and combination 
therapies tailored to individual patient needs.12 This 
technology allows for complex geometric structures, such 
as polypills containing multiple active ingredients with 
distinct release kinetics, and the potential for point-of-
care pharmaceutical manufacturing.13 Drone delivery 
systems are expanding medication access through 

autonomous aerial vehicles capable of transporting 
temperature-sensitive pharmaceuticals, emergency 
medications, and routine prescriptions to remote or 
underserved areas, reducing delivery times from hours 
to minutes while maintaining cold-chain integrity 
particularly in emergency medicine.14,15 CRISPR gene 
editing and related technologies (such as base editing and 
prime editing) are moving from research laboratories into 
clinical applications, offering potential cures for genetic 
disorders, cancer immunotherapies through CAR-T cell 
modification, and targeted treatments for previously 
incurable conditions.16,17 Implantable biosystems now 
encompass smart drug delivery devices, continuous 
glucose monitors, neurostimulators, and biosensors that 
provide real-time physiological monitoring and controlled 
medication release, creating closed-loop therapeutic 
systems that automatically adjust treatment based on 
patient response. Pharmacists and pharmacies must adapt 
to these evolving roles by integrating comprehensive 
health data from electronic health records, wearable 
devices, genetic testing, and patient-reported outcomes. 
AI and machine learning algorithms are enhancing 
clinical decision support through medication therapy 
management, drug interaction screening, adherence 
prediction, and optimization of pharmacotherapy 
regimens based on population health data and individual 
patient characteristics.18,19 Automation technologies 
(e.g., robotic dispensing systems, automated packaging, 
inventory management platforms, and telepharmacy 
infrastructure) are handling repetitive tasks, allowing 
pharmacists to focus on direct patient care, medication 
counseling, and collaborative practice agreements.20,21

Additionally, the integration of AI and digital health 
tools presents another frontier for pharmacy. AI can 
assist not only in drug discovery and development, but 
also in predicting patient responses to medications and 
in streamlining supply chain management.18,22-26 The 
digitalization of healthcare is transforming patient care 
globally, leveraging technologies like AI, blockchain, 
and augmented reality. These tools improve access to 
clinicians, real-time diagnoses, and treatments, while 
envisioning a cyber healthcare system integrating virtual 
and physical components.27 Digital health tools, such as 
wearable devices and mobile applications, enable real-
time monitoring and personalized interventions. 

Pharmacists, with their foundational understanding 
of pharmacology and patient care, are ideally suited to 
interpret data from these technologies and translate 
it into actionable insights for patients and healthcare 
providers. Advancements in digital wearable technology 
have significantly improved patients' ability to engage 
in effective self-care, offering tools for medication 
management, health tracking, and wellness. In this 
line, digital health devices and applications for self-
care education might include wellness screening, 
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insomnia, reproductive and eye disorders, home medical 
equipment, gastrointestinal and respiratory conditions, 
and pediatrics. Fully integrating digital health tools like 
telemedicine, electronic health records, mobile apps, and 
wearable devices into pharmacy education will enhance 
students’ ability to apply this knowledge in patient care 
during clinical rotations and future practice.28 Upcoming 
years will bring possible involvement of pharmacists 
in servicing patients with 3D printed pharmaceuticals 
and point-of-care tests.29 By embracing developing 
fields (e.g., precision medicine, personalized medicine, 
cellular and acellular therapies, bioengineering, and 
digital therapeutics), pharmacists can secure their 
relevance and become integral to modern healthcare. In 
this review, we aim to identify advancements in science 
relevant to pharmacy and briefly identify challenges and 
approaches toward advancement and implementation. 
While digital health technologies, precision medicine 
platforms, and advanced therapeutic modalities are 
rapidly transforming healthcare delivery, there remains 
limited systematic guidance on which emerging 
technologies are most relevant to pharmacy practice and 
how they should be integrated into pharmacy education 
and clinical workflows. Current pharmacy curricula 
and practice models have not fully adapted to prepare 
pharmacists for their evolving roles in interpreting 
data from wearable devices, managing 3D-printed 
pharmaceuticals, utilizing point-of-care diagnostics, and 
implementing digital therapeutics across diverse patient 
care contexts. This opinion review aims to (i) identify key 
scientific and technological advancements with direct 
relevance to pharmacy practice, including digital health 
tools, precision medicine, bioengineered therapies, and 
emerging diagnostic technologies; and (ii) discuss the 
challenges and practical approaches for integrating these 
innovations into pharmacy education and clinical practice 
to enhance patient care outcomes. Pharmacists possess 
foundational expertise in pharmacology, therapeutics, 
and patient care that uniquely positions them to serve 
as interpreters and implementers of health technology 
data. As digital wearables, telemedicine platforms, and 
personalized medicine approaches become standard 
components of patient self-care and clinical decision-
making, pharmacists must be equipped to leverage these 
tools effectively. By proactively embracing emerging 
fields such as cellular therapies, bioengineering, and 
digital therapeutics, the pharmacy profession can ensure 
its continued relevance and establish pharmacists as 
integral members of technology-enabled, patient-
centered healthcare teams. Preparing future pharmacists 
to navigate this evolving landscape is essential for 
optimizing medication management, improving health 
outcomes, and expanding the scope of pharmaceutical 
care in modern healthcare systems.

A glance at the historic trajectory of pharmacy
Historically, pharmacy is one of the oldest healing 
professions, which has always adapted to meet the 
demands of its time, as shown in Fig. 1. Across the ancient 
world, healing began as a seamless blend of belief, surgery, 
and drug craft. Cuneiform tablets from the Sumerian-
Babylonian cities (c. 2500 BCE) already list plant resins, 
minerals, and animal products prescribed alongside 
protective incantations, showing that apothecary 
practice and spiritual ritual were never far apart.30 Fifteen 
centuries later, the Egyptian Ebers Papyrus set out 876 
formulae assembled from 328 ingredients, effectively 
an early national pharmacopeia.31 In Achaemenid Iran, 
the Zoroastrian Vendīdād distilled care into the triad 
of “knife, herbs, and holy words,” recognising surgery, 
pharmacology, and counselling as complementary arms 
of therapy.32-34 South Asia’s Sushruta Samhitā (-c. 600 
BCE) went further, codifying more than 300 operations, 
bespoke instruments, and postoperative herbal regimens 
as clear evidence that pharmacy was integral to surgery.35 
On the eastern edge of the Silk Road, the Shénnóng Běncǎo 
Jīng (1st cent. CE) rationally graded 365 medicinals by 
efficacy and toxicity, launching a continuously updated 
Chinese materia-medica tradition.36 Classical Greece 
marked a shift from supernatural causation to systematic 
observation: the Hippocratic writers insisted on clinical 
notes, prognosis, and treatments grounded in diet and 
drugs as the principles that still underpin evidence-
based practice.37 Their empirical spirit culminated in 
Dioscorides’ five-volume De Materia Medica (c. 50–70 
CE), which catalogued over a thousand simples, detailed 
sources, preparation methods, and dose ranges, and 
remained Europe’s standard pharmacological reference 
for more than a millennium.38 By standardizing 
ingredients and separating the compounding of remedies 
from bedside care, these texts paved the way for the 
professional apothecary and ensured that pharmacy 
would endure as a cornerstone of patient treatment in the 
modern era. Fig. 1 shows the evolution of pharmacy, from 
ancient healing traditions to professional practice.

Today, pharmacy certainly remains a cornerstone 
of patient care. The classical approach to pharmacy, 
which is rooted in empirical observations and holistic 
care, provides valuable lessons for modern pharmacy 
educators seeking to integrate traditional wisdom with 
cutting-edge innovations. Today, pharmacy practice still 
heavily focuses on dispensing medications and providing 
medication counseling. These roles, while essential, 
represent only a fraction of what modern pharmacists can 
contribute. 

Areas for expansion and innovation
Digital therapeutics, wearable medical devices, artificial 
intelligence, and machine learning 
Digital therapeutics, wearable medical devices, AI, and 
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machine learning (ML) together represent a paradigm 
shift in healthcare, moving from reactive care to proactive, 
personalized interventions. Digital therapeutics deliver 
evidence-based therapeutic interventions through 
software to prevent, manage, or treat medical disorders, 
often integrating real-time data from wearable devices. 
Wearables (e.g., smartwatches, patches, and biosensors) 
continuously monitor physiological parameters (e.g., heart 
rate, glucose levels), enabling early detection of anomalies 
and timely intervention.39 AI and ML algorithms serve 
as the analytical engine that transforms massive volumes 
of continuous patient data into clinically meaningful 
information.40-46 These computational methods include 
following approaches: 
•	 Supervised learning models that predict adverse drug 

events, medication non-adherence patterns, and 
disease progression by training on labeled historical 
patient data.

•	 Unsupervised learning algorithms that identify 

previously unrecognized patient subgroups or 
phenotypes based on physiological patterns, enabling 
more precise treatment stratification.

•	 Deep learning neural networks that analyze complex, 
multi-dimensional data streams from multiple 
wearable sensors simultaneously to detect subtle 
changes indicative of early disease states.

•	 Natural language processing (NLP) that extracts 
relevant clinical information from patient-reported 
symptoms, medication histories, and electronic 
health records to augment automated decision 
support. 

•	 Reinforcement learning systems that continuously 
optimize treatment recommendations by learning 
from patient responses and outcomes over time. 

When coupled with AI/ML algorithms, these data 
streams can be transformed into actionable insights 
through several mechanisms. Predictive analytics can 
forecast glycemic events in diabetic patients hours before 

Fig. 1. Global roots of pharmacy. (A and B) The historic timeline highlights several pivotal eras, from Sumerian-Babylonian cuneiform tablets (c. 2500 BCE) 
to Dioscorides’ De Materia Medica (c. 50–70 CE), which collectively shaped the evolution of pharmaceutical knowledge across Mesopotamia, Egypt, South 
Asia, Iran, China, and the Greco-Roman world. (C) The transition of pharmacy toward modern treatment/diagnostic medicines.



Barar et al

   BioImpacts. 2026;16:33047 5

they occur, identify patients at high risk for medication 
non-adherence, or detect early signs of heart failure 
decompensation based on weight, activity, and vital sign 
trends. Clinical decision support systems powered by AI can 
generate real-time medication dosing recommendations 
adjusted for individual patient pharmacokinetics, flag 
potential drug-drug interactions based on current 
physiological status, and suggest therapeutic alternatives 
when treatment goals are not being met. Personalized 
treatment algorithms analyze individual patient response 
patterns to optimize medication regimens, identifying 
optimal dosing schedules, predicting which patients will 
respond to specific therapies, and recommending lifestyle 
interventions most likely to succeed for each patient 
profile. Automated alert systems use ML to reduce alarm 
fatigue by distinguishing clinically significant deviations 
from normal physiological variation, prioritizing critical 
alerts while filtering false positives that plague traditional 
threshold-based monitoring. For pharmacists, AI/ML 
integration creates opportunities for medication therapy 
management at scale, where algorithms continuously 
analyze patient medication-taking behavior, physiological 
responses, and outcomes data to identify candidates for 
pharmacist intervention. Drug optimization platforms 

can suggest medication regimen simplification, identify 
opportunities for deprescribing, and recommend 
therapeutic substitutions based on real-world effectiveness 
data and patient-specific factors. Population health 
management tools enable pharmacists to identify high-
risk patient cohorts, predict which patients will benefit 
most from targeted interventions, and allocate clinical 
resources efficiently based on predicted need rather than 
reactive crisis management.47,48 Fig. 2 shows AI-based 
pharmacy workflow benefits and applications, involving 
digital therapeutics and wearable devices for real-time 
patient data handling. 

Digital therapeutics leverage algorithms to deliver 
tailored behavioral and pharmacological interventions. 
For instance, mobile applications powered by ML can 
adjust dosage recommendations or behavioral prompts 
based on patient adherence patterns and response 
trends.49 Such platforms have demonstrated efficacy in 
chronic disease management – ranging from diabetes 
to mental health – by offering adaptive coaching, 
medication reminders, and virtual cognitive-behavioral 
therapy sessions. Moreover, these interventions can 
integrate seamlessly with electronic health records, 
allowing healthcare providers to track patient progress 

Fig. 2. Artificial intelligence in pharmacy education and practice. (A) Infographic impacts of AI in pharmacy. The AI integrates across four domains of 
pharmacy, including education, practice, student perception, and ethics. The pharmacy education quadrant highlights the incorporation of AI modules into 
PharmD curricula, covering core concepts through AI-guided learning via large language models. In pharmacy practice, the clinical decision support systems 
can leverage machine learning for medication management, adverse‐event prediction, and personalized dosing, as well as wearable AI technologies 
designed to monitor and improve patient adherence. In student perception, the infographic captures pharmacy and medical students’ awareness, attitudes, 
and use of AI tools, ranging from drug information retrieval to research drafting, while noting regional and disciplinary differences in uptake and confidence. 
In the ethics panel, AI underscores critical considerations around data privacy, cybersecurity, and academic integrity, reflecting calls for robust policies, 
faculty training, and ethical guidelines to govern AI adoption in both educational and clinical settings. Together, these elements provide a holistic overview 
of AI’s transformative potential with its challenges in shaping the future of pharmacy. (B) The key benefits and applications of AI.
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remotely.18,25

Wearable medical devices serve as the cornerstone of 
real-time health monitoring. Advanced wearables now 
incorporate multiple sensors (i.e., electrocardiography, 
photoplethysmography, and accelerometers) to capture 
granular health data.39 For example, continuous glucose 
monitors paired with insulin pumps form closed-loop 
systems that autonomously maintain glycemic control. 
Similarly, wearable ECG patches can detect arrhythmias 
and alert clinicians before symptomatic events occur. 
The proliferation of such devices hinges on AI-driven 
signal processing to filter noise, detect clinically relevant 
patterns, and predict adverse events.49

Artificial intelligence and machine learning underpin 
the analytical capabilities of both digital therapeutics 
and wearables. Supervised learning models trained on 
vast datasets can identify subtle correlations between 
biometric signals and disease states, enhancing diagnostic 
accuracy.18,25,39 Unsupervised learning techniques enable 
the discovery of novel phenotypes by clustering patient 
data, which can inform the design of new therapeutic 
pathways.22 Deep learning architectures, such as 
convolutional neural networks, excel in image-based 
diagnostics, while natural language processing facilitates 
the extraction of insights from clinical notes and patient-
reported outcomes.50

Integration of AI/ML in pharmacy practice further 
exemplifies this synergy. Algorithms aid in medication 
therapy management by predicting drug–drug interactions, 
optimizing dosing regimens, and personalizing treatment 
plans based on genomic and phenotypic profiles.39,49 
Anthropic's Claude AI and ChatGPT-like large language 
models support pharmacists in drafting evidence-based 
recommendations and patient education materials, 
though ethical considerations around academic integrity 
and data privacy remain paramount.51 Despite tremendous 
promise, challenges persist. Data interoperability, 
cybersecurity, and regulatory hurdles must be addressed 
to ensure safe deployment.52 Moreover, equitable access 
to technology and robust validation studies are needed 
to avoid exacerbating healthcare disparities.53,54 As the 
healthcare ecosystem embraces digital therapeutics, 
wearables, AI, and ML, multidisciplinary collaboration 
among clinicians, engineers, and regulators will be 
essential to realize the full potential of these innovations 
in improving patient care.

Point-of-care testing, collaborative practice, and 
primary care providers
As healthcare systems shift toward preventive care, 
pharmacists are well-positioned to serve as primary 
care providers. POCT for chronic diseases, infectious 
conditions, where even genetic predispositions can fall 
under the pharmacist’s purview.55 Additionally, the 
emerging field of psychedelics for mental health treatment 

requires ethical oversight, clinical expertise, and patient 
education - roles that pharmacists can fulfill. Pharmacists, 
as some of the most accessible healthcare professionals, 
are uniquely positioned to bridge gaps in primary 
care delivery. With increasing demands on healthcare 
systems worldwide, including the shortage of primary 
care providers and the growing prevalence of chronic 
diseases, pharmacists have the opportunity to expand 
their role in clinical services. By integrating into primary 
care teams, offering POCT, managing chronic conditions, 
and prescribing medications under collaborative practice 
agreements, pharmacists can transform patient care while 
enhancing their professional relevance.

POCT allows pharmacists to offer immediate diagnostic 
services for conditions such as influenza, COVID-19, 
streptococcal pharyngitis, and hyperlipidemia. By 
providing these services within the community pharmacy 
setting, pharmacists can facilitate earlier detection and 
the treatment of diseases, reducing the need for costly 
emergency visits. For example, pharmacists can conduct 
hemoglobin A1c tests for diabetes management, INR 
monitoring for anticoagulation therapy, and even genetic 
screening for pharmacogenomics-based interventions. 
These services enhance patient engagement and improve 
clinical outcomes by fostering a proactive approach to 
health management.

Chronic disease state management
Chronic diseases represent one of the most significant 
challenges facing healthcare systems worldwide, with an 
estimated cost expected to reach $47 trillion by 2030.56 In 
the United States alone, 90% of the nation's $4.9 trillion 
in annual healthcare expenditures are attributed to 
chronic and mental health conditions.57 This staggering 
burden, combined with growing shortages of primary 
care providers, necessitates innovative approaches 
to healthcare delivery, particularly the expanded 
integration of pharmacists into primary care services. The 
transformation of pharmacy practice has been supported 
by collaborative practice agreements (CPAs), which allow 
pharmacists to work in partnership with physicians to 
adjust medication regimens, order laboratory tests, and 
implement lifestyle modifications.58,59

The evidence supporting pharmacist-led chronic 
disease management is substantial. Newman et al found 
that pharmacists can improve clinical outcomes across 
diabetes, hyperlipidemia, cardiovascular diseases, and 
respiratory conditions,60 while Greer et al concluded that 
pharmacist-led management achieved effects similar 
to usual care for resource utilization while potentially 
improving physiologic goal attainment.61 In diabetes 
management, Norton et al demonstrated that hemoglobin 
A1c decreased by 1.75% in collaborative pharmacist-
physician care compared to only 0.16% in usual care,62 
and McCarthy and Bateman reported a 2.1% reduction 
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in A1c among patients managed by pharmacists with 
prescriptive authority.63 Besides, Wagner et al further 
showed that patients receiving pharmacist care were 
three to five times more likely to achieve comprehensive 
diabetes care quality measures.64 For hypertension, 
Santschi et al found significant blood pressure reductions 
through pharmacist interventions in a meta-analysis of 
over 14,000 patients,65 while Hirsch et al demonstrated 
superior blood pressure control with pharmacist-
physician collaborative care compared to usual care.66 
McCarthy and Bateman reported a 29.7 mm Hg reduction 
in systolic blood pressure among hypertensive patients 
managed by pharmacists.63 Santschi et al demonstrated 
that pharmacist care significantly reduced cardiovascular 
risk factors, including blood pressure, total cholesterol, 
and LDL cholesterol in diabetic patients.67

In respiratory disease management, pharmacists 
have shown remarkable ability to improve outcomes. 
Bridgeman and Wilken reported significant reductions 
in exacerbation rates among asthma and COPD patients 
following pharmacist interventions,68 while Garcia-
Cardenas et al confirmed positive impacts on symptom 
control and prevention of exacerbations.69 Furthermore, 
Garcia-Cardenas et al demonstrated improved asthma 
control through targeted pharmacist interventions.70 The 
American College of Managed Care Pharmacy emphasizes 
that when pharmacists are recognized as providers, 
patient outcomes improve, satisfaction increases, and 
healthcare costs decrease.71 Marupuru et al found 
statistically significant improvements across diabetes, 
hypertension, and dyslipidemia through pharmacist-
provided medication therapy management.72 Rahayu et 
al confirmed that pharmacists in interprofessional teams 
facilitate access to primary care and improve patient 
outcomes.73 Rodis et al demonstrated that 52.84% of 
patients with uncontrolled diabetes achieved target A1c 
levels following pharmacist interventions in community 
health centers.74

The movement toward formal provider status 
recognition represents the natural progression of this 
evidence base. Cernasev et al discuss the evolution 
from collaborative practice agreements toward 
comprehensive provider status, which would enable 
reimbursement for pharmacist services and ensure 
sustainability across diverse settings.75 Given that 
approximately 90% of Americans reside within two 
miles of a community pharmacy, expanded pharmacist 
authority could significantly improve access to primary 
care, particularly in underserved communities. The 
integration of pharmacists into primary care represents a 
paradigm shift with the potential to significantly enhance 
healthcare delivery. The extensive evidence demonstrates 
that pharmacists can independently manage chronic 
conditions, achieving outcomes comparable to or better 
than traditional models. Through CPAs, pharmacists 

optimize medication therapy, provide continuous 
education, and address adherence barriers in ways 
that complement overburdened primary care systems. 
As healthcare systems grapple with escalating chronic 
disease burden, constrained resources, and workforce 
shortages. Therefore, the full integration of pharmacists 
as recognized providers offers a practical, evidence-based 
solution to address critical gaps in care access and quality 
while reducing overall healthcare costs.

Mental health and psychedelic therapies
Mental health is an area where pharmacists’ expertise 
is underutilized.76 With the growing acceptance of 
psychedelic therapies for treatment-resistant depression, 
post-traumatic stress disorder (PTSD), anxiety, and 
autism, pharmacists can play a critical role in this emerging 
field.77 Their responsibilities could include dosing and 
monitoring of psychedelic compounds such as psilocybin, 
ketamine, and 3,4-methylenedioxymethamphetamine 
(MDMA), ensuring patient safety and therapeutic 
efficacy. Of these, for example, MDMA (commonly 
known as ecstasy or molly) is a psychoactive drug that 
affects mood and perception, primarily by increasing 
the activity of three neurotransmitters (i.e., serotonin, 
dopamine, and norepinephrine) in the brain, resulting 
in heightened feelings of euphoria, emotional closeness, 
increased energy, and sensory enhancement. Additionally, 
pharmacists can provide medication therapy management 
for patients with complex psychiatric conditions such as 
PTSD, addressing potential interactions and side effects.78

Precision medicine and personalized therapy
Generally, classical medicine remains the backbone 
for broad public-health impact and cost-effective care. 
Personalized medicine emphasizes holistic, patient-
centered adjustments within existing clinical frameworks. 
Precision medicine layers cutting-edge molecular and 
digital data on top of personalization, narrowing treatment 
to biologically defined subsets for maximum efficacy and 
minimal harm. Furthermore, the emergence of digital 
therapeutics and personalized medicine signals a shift 
in the healthcare paradigm. Digital therapeutics utilize 
technology to treat, manage, and prevent diseases through 
software-driven interventions, often in combination with 
traditional medications. Personalized medicine is medical 
treatment that tailors treatment strategies based on 
individual genetic, environmental, and lifestyle factors, 
offering unprecedented opportunities for precision 
care.79,80 Table 1 provides a side-by-side comparison of 
classical, personalized, and precision medicine. 

Notably, precision medicine has gained prominence as 
an innovative healthcare approach tailored to individual 
genetic profiles, lifestyle factors, and environmental 
contexts.87 Within this movement, pharmacists hold 
a pivotal position due to their direct involvement in 
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medication management and patient care. As a result, 
pharmacy education programs are increasingly focused 
on equipping future practitioners with the requisite 
competencies in pharmacogenomics and related fields.88 
Despite these, yet, several challenges remain, including 
the need for instructional strategies that go beyond 
traditional lectures to foster higher-order thinking and 
practical application.89 Fig. 3 shows the pharmacists' 
impactful interplay in terms of precision medicine and 
advanced therapies in collaboration with health care 
professionals. 

One key aspect is ensuring that pharmacists appreciate 
the social and ethical dimensions accompanying precision 
medicine. Introducing students to these issues early in 
their education helps them to develop more nuanced 
diagnostic and therapeutic strategies for diverse patient 
populations. On the practical front, pharmacy educators 
must consider creative and interactive teaching resources. 
For instance, online cancer genomics databases can 
facilitate experiential learning and bridge theory with 
real-world oncologic applications.90 By engaging with 

actual clinical data, students gain a clearer understanding 
of how genetic variations influence treatment decisions 
and patient outcomes. This approach complements 
didactic content by illustrating the dynamic application 
of pharmacogenomics in oncology.

Evidence suggests that prior exposure to precision 
medicine concepts during pharmacy school positively 
affects pharmacists’ willingness to implement these 
strategies in practice.87 Community pharmacists, 
in particular, may benefit from structured training 
programs covering genetic testing methodologies, data 
interpretation, and ethical considerations, ultimately 
enhancing their capacity to offer personalized patient 
care. Such training, when combined with the appropriate 
curricular reforms, can produce graduates well-prepared 
to navigate the rapidly evolving landscape of precision 
medicine.

Pharmacists, as accessible healthcare providers, play 
a pivotal role in identifying gene–drug interactions, 
educating patients, and collaborating with prescribers 
to optimize therapy. However, studies indicate that 

Table 1. A side-by-side comparison of classical, personalized, and precision medicine

Dimension Classical (one-size-fits-all) 
medicine Personalized medicine Precision medicine

Primary goal
Identify treatments that work for 
the average patient with a given 
diagnosis.

Tailor therapy to an individual’s clinical 
features, lifestyle, and preferences.

Stratify patients into molecularly defined 
sub-groups and match them to targeted 
interventions.

Key data inputs
• Symptoms & signs
• Basic labs & imaging
• Population-level RCT evidence

Classical data plus:
• Detailed family & social history
• Comorbidities
• Patient-reported outcomes

Personalized data plus:
• Genomics / epigenomics
• Transcriptomics / proteomics / metabolomics
• Digital biomarkers, real-time wearables
• AI-driven pattern recognition

Typical 
treatment 
approach

Standard guideline-based drug or 
procedure for everyone meeting 
diagnostic criteria.

Adjust dose, drug choice, rehab plan, 
counseling style, etc., for a single patient.

Use biomarkers (e.g., EGFR, BRCA), companion 
diagnostics, or multi-omic signatures to select or 
design an intervention for a subset of patients.

Population scale Entire disease population. Individual patient. Molecularly homogeneous cohorts (often 1–10 
% of the total population).

Examples

• First-line amoxicillin for 
community pneumonia
• Thiazide diuretic for essential 
hypertension

• Switching antidepressants based on 
side-effect profile
• Custom physiotherapy schedule for an 
athlete

• Trastuzumab only for HER2-positive breast 
cancer
• mRNA therapy for a specific CFTR mutation
• CAR-T cells designed for a patient’s tumor 
antigens

Advantages
• Simple logistics
• Lower upfront cost
• Large evidence base

• Holistic care improves adherence & 
satisfaction• Considers lifestyle and 
preferences

• Higher efficacy and fewer adverse effects in 
the targeted group
• Enables drug repurposing and basket trials
• Drives biomarker discovery

Limitations
• Variable efficacy
• Unnecessary toxicity for non-
responders

• Relies on clinician judgment; may still 
miss molecular drivers

• Expensive diagnostics
• Small trial populations complicate evidence 
generation
• Equity concerns (omics data bias)

Regulatory & 
reimbursement 
landscape

Well-defined, generic pathways. Similar to classical, a few distinct 
regulations.

Requires co-approval of test + therapy; value-
based or outcomes-based pricing emerging.

Ethical 
considerations

Fair access, but possible 
overtreatment.

Risk of clinician bias if “personalization” 
is subjective.

Data privacy (genomics, wearables), unequal 
access to testing, and possible genetic 
discrimination.

Future trajectory Still vital for many common 
conditions.

Merging with precision through better 
data capture, such as electronic health 
records, and wearable systems.

Moving toward “pan-omics” & AI-guided 
preventive precision health; potential for 
CRISPR, digital twins.

For more details, readers are directed to read the following citations.81-86
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many pharmacists still feel underprepared to implement 
personalized services and require further education.86,91 
Despite demonstrated enthusiasm, pharmacists report 
barriers to widespread personalized medicine adoption, 
including reimbursement issues, time constraints, and 
limited formal training. Addressing these challenges 
involves collaborative efforts among academic institutions, 
industry, and policymakers to develop standardized 
certification pathways, robust evidence bases, and user-
friendly PGx resources.92 Moreover, educators must 
underscore ethical considerations, such as data privacy and 
equitable access, ensuring that personalized care remains 
patient-centric and inclusive. Ultimately, strengthening 
pharmacy education in precision medicine paves the way 
for more efficient, safe, and patient-tailored interventions. 
Altogether, pharmacists can play a pivotal role in 
implementing pharmacogenomic/ pharmacoproteomic 
testing, interpreting results, and optimizing drug therapy. 
For example, in cancer treatment, pharmacists could guide 
the use of CRISPR-based gene therapies or nanomedicine 
to target specific mutations. The profession may also 
address advanced therapies such as hormone replacement 
for genetic disorders and personalized vaccines that are 
designed using a patient’s unique genetic profile. 

Cell therapies and regenerative medicine
As pharmacists expand their roles from dispensing 
medications to providing patient-centered care, 
incorporating regenerative therapies into practice is 

another leading area open to growth and education. 
This includes the growing complexity of regenerative 
interventions, including advanced cell therapies, 
tissue engineering, and stem cell-based products, all of 
which demand a deep understanding of both clinical 
efficacy and regulatory requirements.93 Regenerative 
medicine aims to repair or replace damaged tissues 
and organs by harnessing the body’s intrinsic healing 
mechanisms and utilizing engineered constructs. From 
diabetic polyneuropathy treatments employing dental 
pulp stem cells,94 and wound healing95 to novel fibrin-
targeting delivery systems for cardiac repair,96 the 
breadth of potential therapies highlights the need for 
robust educational frameworks. Pharmacy students, as 
future healthcare professionals, must be versed in drug 
development pathways, immunological considerations, 
and patient safety standards to ensure the responsible 
adoption of regenerative products.97 As evidenced by the 
growing interest in mesenchymal stem cells and exosomes, 
pharmacists will increasingly engage in developing 
formulations that optimize cell viability and targeted 
drug delivery. Ultimately, pharmacy education serves 
as a cornerstone for equipping practitioners to evaluate 
evidence, guide informed decision-making, and combat 
misinformation surrounding regenerative approaches. 
By offering specialized training and fostering research 
collaborations, pharmacy programs can support the safe, 
ethical, and effective integration of regenerative medicine 
into routine clinical practice. Further, cellular therapies 

Fig. 3. Interplay of pharmacists in precision medicine in collaboration with physicians, nurses, and other health care professionals.
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(e.g., stem cell treatments, CAR-T cell therapy, dendritic 
cell (DC) vaccines, and regenerative medicine approaches) 
are revolutionizing the treatment modalities of diseases at 
the molecular and cellular levels. For instance, CAR-T 
cell therapy, which involves engineering a patient’s own 
immune cells to target and destroy cancer cells, has shown 
remarkable success in treating certain types of leukemia 
and lymphoma. Likewise, the therapeutic impacts of DC 
vaccines against different malignancies are undisputable. 
Pharmacists can play a critical role in the preparation, 
storage, and administration of these complex therapies, 
ensuring their safety and efficacy.

Despite their potential, cellular and acellular therapies 
present several challenges that must be addressed. These 
include high costs, complex manufacturing processes, 
and stringent storage and handling requirements. 
Pharmacists must acquire specialized knowledge in these 
areas to effectively manage these therapies. This includes 
understanding the principles of bioprocessing, cold chain 
logistics, and the regulatory frameworks governing advanced 
therapy medicinal products. Fig. 4 illustrates the pharmacists' 
roles in regenerative medicine and advanced therapies. 

By embracing these advancements, pharmacists can 
position themselves as leaders in the delivery of next-
generation therapies, ultimately enhancing patient care 
and outcomes. Altogether, cellular and acellular therapies 
represent a transformative opportunity for the pharmacy 
profession. By expanding their expertise and embracing 
these innovative treatments, pharmacists can play a pivotal 
role in shaping the future of healthcare. This requires a 
commitment to continuous learning, interdisciplinary 
collaboration, and advocacy for expanded practice roles.

Acellular therapies 
Acellular therapies involve the use of biological products 
such as extracellular vesicles, exosomes, and protein-based 
treatments. These therapies are gaining traction for their 
ability to modulate biological processes and deliver targeted 
interventions without the risks associated with living 
cells. The use of acellular bioengineered scaffolds, made 
from various bionanomaterials, provides a framework 
for cell growth and tissue regeneration. Pharmacists 
can contribute to the development and distribution 
of these scaffolds, ensuring their biocompatibility and 

Fig. 4. Pharmacists’ roles in regenerative medicine and advanced therapies. The future of pharmacy practice is going to be largely shaped by emerging 
technologies, most likely by embracing regenerative medicine and autonomous activity in the personalization of pharmacotherapy. Pharmacists position 
themselves as leaders in the next generation of health care delivery. This transformation requires continuous learning, interdisciplinary collaboration, and 
expanded practice roles to ensure safe, ethical, and effective integration of advanced therapies.
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effectiveness in regenerative applications. Acellular 
therapy represents a rapidly emerging area in regenerative 
medicine that holds significant implications for pharmacy 
education. Recent developments in acellular therapies, 
including extracellular vesicle-based treatments, highlight 
the shift from cell transplantation to harnessing the 
therapeutic properties of cellular secretomes.98,99 These 
changes underscore the importance of equipping future 
pharmacists with an interdisciplinary skill set that 
spans pharmaceutical sciences, regulatory affairs, and 
clinical applications. Current pharmacy curricula often 
emphasize chemical pharmacology and compounding, 
but must evolve to incorporate foundational knowledge 
of bioengineering and regenerative biology. Acellular 
biomaterials, such as scaffolds or extracellular vesicles, 
offer less complex pathways for regulatory approval 
compared to cell-based treatments, presenting unique 
challenges and opportunities for pharmacists. As 
therapies targeting cartilage regeneration, bone healing, 
and tissue repair increasingly rely on biomolecules 
rather than entire cells, pharmacists’ expertise in product 
handling, stability, storage, and patient counseling will be 
crucial.100,101 Moreover, a comprehensive understanding 
of the pathophysiology of conditions like osteoarthritis, 
where acellular strategies can mitigate inflammatory 
pathways, enables pharmacists to collaborate effectively 
with orthopedic teams.102 Notably, incorporating 
laboratory-based learning experiences and clinical case 
studies into pharmacy education can help bridge the gap 
between conventional pharmacotherapy and emerging 
regenerative modalities. 

Parallel to the rise of 3D printing, acellular therapy 
is attracting considerable interest in pharmaceutical 
research. Unlike cell-based therapies, acellular approaches 
focus on delivering bioactive molecules and scaffolds 
without relying on living cells. In regenerative medicine, 
for instance, acellular scaffolds can facilitate tissue repair 
and targeted treatment strategies. As these therapies 
gain prominence, pharmacists will need a thorough 
grounding in formulation science, biocompatible 
materials, and the regulatory frameworks that oversee 
advanced manufacturing technologies.103 By merging 3D 
printing and acellular therapy into pharmacy education, 
institutions can better prepare graduates to handle 
emerging challenges. This preparation extends beyond 
conventional clinical settings, as research indicates 
potential applications for on-demand manufacturing 
in extreme or remote environments, such as space 
missions.104,105 During extended voyages, the ability 
to create personalized therapies, including acellular 
treatments, could significantly enhance healthcare 
outcomes and reduce logistical burdens.

Bioengineering and bioprinting
Bioengineering and bioprinting are transformative 

fields that intersect with pharmacy practice, offering 
groundbreaking solutions for conditions previously 
deemed incurable. Bioprinting tissue regeneration 
involves creating functional tissue to repair or replace 
damaged organs and tissues, while bioengineering 
applies engineering principles to biological systems to 
develop therapeutic solutions. Together, these fields 
are reshaping the landscape of modern medicine and 
present unique opportunities for pharmacists to expand 
their roles. Pharmacy education is experiencing a rapid 
transformation, driven by technological progress and 
the increasing demand for personalized healthcare.106 
One key area of innovation is three-dimensional (3D) 
printing, which has opened new avenues for producing 
individualized dosage forms and sophisticated drug 
delivery systems. Pharmacy curricula are thus evolving to 
incorporate instruction on 3D printing techniques (e.g., 
selective laser sintering, binder deposition, and inkjet 
printing), which allow precise control over dose, release 
profiles, and design complexity.103,107

Moreover, integrating these technologies within 
pharmacy programs promotes interdisciplinary 
collaboration, equipping future professionals with the 
skills to communicate effectively with engineers, clinicians, 
and biomedical scientists. As the field continues to evolve, 
a holistic approach that emphasizes both the technical 
and patient-focused aspects of acellular therapy and 3D 
printing will be essential. Bioprinting involves the layer-
by-layer deposition of bio-inks containing living cells and 
biomaterials to construct tissues or organ structures. For 
example, researchers have successfully bioprinted skin 
grafts for burn patients and are exploring the development 
of bioprinted organs for transplantation. Pharmacists can 
play a pivotal role in ensuring the compatibility, safety, 
and efficacy of bio-inks and other bioproducts used 
in these procedures. By doing so, pharmacy education 
will remain at the forefront of innovation, preparing 
graduates to contribute meaningfully to patient care and 
to the broader development of personalized medicine. 

Pharmacists are also essential in the emerging field 
of microfluidics-based technologies, such as cell/
tissue/organ-on-a-chip technology. Such micro-/nano-
engineered systems mimic the architecture and function 
of human organs, providing a platform for drug testing 
and disease modeling. By collaborating with bioengineers, 
pharmacists can contribute to the development of 
personalized medicine approaches, optimizing drug 
therapies based on patient-specific organ models. Another 
critical aspect of tissue regeneration is the use of stem cells 
and growth factors to stimulate the body’s natural healing 
processes.

Cutting-edge examples of bioengineering include the 
development of organ-on-a-chip platforms, which mimic 
the microarchitecture and functions of human organs. 
These systems are being used for drug testing, disease 
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modeling, and personalized medicine applications. 
Pharmacists, with their expertise in drug formulation and 
pharmacodynamics, can collaborate with bioengineers 
to optimize therapies tested on these platforms. As 
mentioned earlier, another frontier in tissue regeneration 
is the use of decellularized matrices. These are scaffolds 
derived from donor tissues or synthetic materials, which 
have had all cells removed, leaving behind only the 
extracellular matrix. These scaffolds can be seeded with 
a patient’s own cells to promote tissue regeneration, 
reducing the risk of immune rejection. For instance, 
decellularized heart valves and blood vessels have been 
used in cardiovascular surgeries, and research is underway 
to develop decellularized liver and kidney scaffolds for 
organ repair. Pharmacists can contribute by ensuring the 
biocompatibility and safety of these scaffolds, as well as by 
managing their storage and preparation for clinical use.

Advancements in bioengineering are also exploring 
the potential of smart biomaterials that respond to 
environmental stimuli, such as temperature, pH, or 
specific enzymes, to release drugs or facilitate tissue 
regeneration. These materials could enable highly 
targeted and controlled therapies, minimizing side 
effects and enhancing treatment outcomes. Pharmacists, 
as drug delivery experts, are well-positioned to oversee 
the formulation and application of these biomaterials in 
clinical settings. 

3D Bioprinting
Pharmacy programs should be increasingly incorporating 
3D printing modules into their coursework to provide 
hands-on experience with personalized drug formulations 
and medical devices.108 Traditional manufacturing 
techniques, such as tableting and encapsulation, often 
limit students’ exposure to newer technologies. By 
contrast, 3D printing offers unparalleled customization, 
enabling learners to design, prototype, and test drug-
loaded constructs.109 This experiential learning fosters 
critical thinking and problem-solving skills, as students 
must consider polymer selection, extrusion temperature, 
and post-printing quality control parameters.110

Moreover, the introduction of such technologies 
aligns with the broader push toward patient-centric care. 
When pharmacy students interact with 3D printers, 
they understand how personalized dosage forms 
can improve therapeutic outcomes, particularly for 
populations requiring flexible dosing, such as pediatric or 
geriatric patients.111 In this context, the skill set extends 
beyond conventional pharmaceutics to include digital 
modeling, software usage, and familiarity with regulatory 
perspectives.

Notably, a bridging theory and practice must be 
addressed, by which 3D printing in pharmacy education 
can help illustrate theoretical concepts, such as 
polymer science, drug stability, and controlled release 

mechanisms.112 Students can translate these concepts 
into tangible prototypes.113 For instance, in designing a 
3D-printed dosage form, learners might adjust the infill 
percentage of a tablet to modulate dissolution rates—a 
concept closely tied to polymer matrix design.114 Such 
hands-on projects clarify how solid-state chemistry and 
manufacturing parameters jointly influence drug release 
kinetics. 

From an educational standpoint, this technology 
underscores the shift toward patient-focused outcomes. 
By developing polypills in the laboratory, students 
recognize how 3D printing can reduce pill burden, 
potentially enhance adherence, and lead to better 
therapeutic results.115 This understanding is especially 
pertinent for complex conditions, such as cancer or 
neurological disorders, where polypharmacy is common.

Lessons in 3D printing processes help students develop 
skills in selecting optimal printing methods for specific 
therapeutic applications, such as microneedles for 
transdermal delivery or orodispersible films (ODFs), also 
known as oral fast-dissolving films. ODFs can be used 
for patients when the fast release is necessary or for those 
with swallowing difficulties. 

Despite the promise of these technologies, significant 
challenges remain. Bioprinting faces hurdles in scaling 
up production for clinical use, ensuring vascularization 
of printed tissues, and adhering to strict regulatory 
requirements. Similarly, organ-on-a-chip platforms 
and decellularized matrices require rigorous validation 
to ensure their reliability and reproducibility in diverse 
patient populations.

Moreover, the high costs associated with these 
innovations limit their accessibility. Pharmacists can 
play a critical role in advocating for policies that make 
these therapies more affordable and widely available. 
They can also help develop cost-effective methods for 
manufacturing and distributing bioengineered products, 
bridging the gap between innovation and patient care 
through translational research and development.

To harness the full potential of bioengineering and 
tissue regeneration, pharmacy education and practice 
must evolve. Training programs should include courses 
on biomaterials science, tissue engineering, and advanced 
drug delivery systems. Collaborative efforts between 
pharmacy schools, bioengineering departments, and 
biotechnology companies can accelerate the translation of 
these technologies into practice. 

In clinical settings, pharmacists can act as 
intermediaries among engineers, clinicians, and patients, 
ensuring that bioengineered therapies are safe, effective, 
and accessible. They can also participate in research to 
optimize the delivery and integration of these therapies, 
contributing to the advancement of precision medicine. 
Fig. 5 shows a schematic illustration of the applications of 
bioengineering technologies. 
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Notably, the integration of modules into pharmacy 
curricula is an inevitable emerging event, which seems to 
be associated with many challenges and opportunities. As 
an example, starting from coursework (“3D Bioprinting”), 
students progress to hands-on operation of a 3D printer 
producing personalized drug formulations. Key steps 
include polymer selection, fabrication of drug-loaded 
constructs, and manipulation of infill percentage to 
modulate release kinetics. Representative end-products 
(e.g., microneedle arrays for transdermal delivery and 
orodispersible polypills) demonstrate the technology’s 
potential to tailor therapy for diverse patient populations.
 
Concluding remarks and vision for the future
The transformation of pharmacy education and practice 
requires cultural and technological shifts within the 
profession itself, which need to be advocated through 
some new legislation. These include an expanded scope 
of practice, also involving personalized medicine and 
bioengineering, and methods to adopt AI into practice. This 
perhaps demands cooperation among different domains 
of science and technologies. Historically, pharmacists 
have been seen as compounders and then dispensers of 
medications, but this perception must change as science 
flourishes. Pharmacists must advocate for their expanded 
role as integral members of the healthcare team, capable 
of bridging the gap between medical advancements and 
patient outcomes. This advocacy involves engaging in 
policy discussions, pursuing advanced training, and 
embracing interdisciplinary collaboration. As an example, 
from futuristic prospects, “pan-omics”, which refers to the 
integrated analysis of multiple “omes” (complete sets of 

molecular data) within a biological system, can meet the 
need of capturing the full complexity of health and disease. 
Rather than studying one class of biomolecule in isolation 
(e.g., genomic, transcriptomic, epigenomic, proteomic, 
or metabolomic data), pan-omics seeks to layer and 
interrelate data from all these domains. As a result, the 
features of pan-omics can include (i) multi-layered data 
integration, (ii) systems-level insight, (iii) network and 
pathway modeling that can identify cross-talk between 
pathways, and uncover novel therapeutic targets, and (iv) 
personalized, preventive health. Its applications seem to be 
vast, covering (i) digital twins by creating in silico replicas 
of individual patients by integrating their pan-omic 
data to simulate disease trajectories or drug responses, 
(ii) CRISPR-guided therapies through pan-omic data, 
(iii) biomarker discovery. The future of pharmacy 
lies in integration—integrating cutting-edge science, 
personalized care, and ethical oversight into a unified 
practice. By awakening to these possibilities, pharmacists 
can redefine their profession as an indispensable pillar of 
modern healthcare, ensuring not just survival but lasting 
impact and leadership, and continue their critical role in 
the healthcare team, which should create a new model as 
a public enterprise in the healthcare system. 
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